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e. Number of preprints: 3
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g. Number of patents granted: 0
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A. Technical Papers Submitted

"Water Soluble Copolymers. 47. Copolymerization of Maleic Anhydride and N-
Vinylformamide: Charge Transfer Complexation of' the Monomers and Their
Reactivity Ratios," Y. Chang and C. L. McCormick, submitted to Macromolecules
(March 1993).

"Water Soluble Copolymers. 48. Reactivity Ratios of N-vinylformamide with
Acrylamide, Sodium Acrylate, and n-Butyl Acrylate," submitted to Macromolecules
(April 1993).

"Water Soluble Copolymers. 49. Effect of the Distribution of the Hydrophobic
Cationic Monomer DAMAB on Solution Behavior of Associating Acrylamide
Copolymers," Y. Chang and C. L. McCormick, submitted to Macromolecules (March
1993).

"Water Soluble Copolymers LI: Copolymer Compositions o' High-Molecular Weight
Functional Acrylamido Water-Soluble Polymers Using Direct Polarization Magic-
Angle Spinning 13 C NMR," J. Kent Newman and C. L. McCormick, submitted to
Polymer (May 1993).

"Water Soluble Copolymers. 52: 23 Na NMR Studies of Hydrophobically-Modified
Polyacids: Copolymers of 2-(1-Napthylacetamido)-ethylacrylam ide wiLlh Acry lic acid
and Methacrylic acid," J. Kent Newman and C. L. McCormick, submitted to
Macromolecules (May 1993).

"Water Soluble Copolymers LIII: 23Na NMR Studies of Ion-Binding to Anionic
Polyelectrolytes: Poly(sodium 2-acrylamido-2-mehtylpropanesu Ifonate), Poly(sodium
3-acrylamido-3-methylbutanoate), Poly(sodium acrylate) and Poly(sodium
galacturonate)," J. Kent Newman and C. L. McCormick, submitted to Macromolecules
(May 1993).

B. Technical Papers Published

"Water-Soluble Copolymers: 26. Fluorescence Probe Studies of Hydrophobically-
Modified Maleic Acid-Ethyl Vinyl Ether Copolymers," C. L. McCormick, C. E. Hoyle
and M. D. Clark, Polymer, 33(2), 243-247 (1992).

"Water-Soluble Copolymers. 39. Synthesis and Solution Properties of Associative
Acrylamido Copolymers with Pyrenesulfonamide Fluorescence Labels," C. L.
McCormick and S. A. Ezzell, Macromolecules, 25(7), 1881-1886 ( 1992).
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"Water Soluble Copolymers: 44. Ampholytic Terpolymers of Acrylamide with Sodium

2-Acrylamido-2-Methylpropanesulfonate and 2-Acrylamido-2-Methylpropanetrimethyl-
ammonium Chloride," C. L. McCormick and L. C. Salazar, Polymer, 33(20), 4384-4387
(1992).

"Water Soluble Copolymers 46. Hydrophilic Sulfobetaine Copolymers of Acrylamide
and 3-(2-Acrylamido-2-Methylpropanedimethylammodio)-l-Propanesulfonate," C. L.
McCormick and L. C. Salazar, Polymer, 33(21), 4617-4624 (1992).

"Water Soluble Copolymers. XLII. Cationic Polyelectrolytes of Acrylamide and 2-
Acrylamido-2-Methylpropanetrimethylammonium Chloride," C. L. McCoi mick and L.
C. Salazar, J. Poly. Sci.: Part A-Poly. Chem., 31, 1099-1104 (1993).

"Water Soluble Copolymers 45. Ampholytic Terpolymers of Acrylamide with Sodium
3-Acrylamido-3-Methylbutanoate and 2-acrylamido-2-Methylpropane-
trimethylammonium Chloride," C. L. McCormick and L. C. Salazar, to be published
in J. Appi. Poly. Sci. (July 1993).

"Analysis of Hydrophobically Modified Copolymers Utilizing Spectroscopic Probes and
Labels," to be published in Soluble Polymer Complexes, C. L. McCormick, K. D.
Branham, R. Varadaraj, and J. Bock; Springer Verlag: 1993.

E. Preprints

",,23Na NMR Studies of Ion Binding to Anionic Polyelectrolytes," J. K. Newman and

C. L. McCormick, Polymer Preprints, 33(2), 361 (1992).

"Synthesis and Solution Characterization of Cationic, Hydrophobically-Modified
Acrylamide Copolymers," Y. Chang and C. L. McCormick, Polymer Preprints, 33(2),
202 (1992).

"Water Soluble Polyampholytes for the Study of Drag Reduction," P. S. Mumick, P.
M. Welch and C. L. McCormick, Polymer Preprints, 33(2), 337 (1992).

1. Presentations

"23Na NMR Studies of Ion Binding to Anionic Polyelectrolytes," J. K. Newman and
C. L. McCormick, 204th National ACS Meeting, Washington, DC, August 1992.

"Synthesis and Solution Characterization of Cationic, Hydrophobically-Modified
Acrylamide Copolymers," Y. Chang and C. L. McCormick, 204th National ACS
Meeting, Washington, DC, August 1992.



"Water Soluble Polyampholytes for the Study of Drag Reduction," P. S. Mumick, P.
M. Welkh and C. L. McCormick, 204th National ACS Meeting, Washington, DC,
August 1992.

"Drag Reduction in Marine Propulsion: Impact of Start-Up Funds on Advanced
Technologies," C. L. McCormick, Mississippi-Alabama Sea Grant Consortium Program
Review, Biloxi, MS, September 15-17, 1992.

"Synthesis and Design of Denovo Hydrophobically Associating Polypeptides," M.
Logan, G. Cannon, S. Heinhorst, and C. McCormick, National ACS Meeting, Denver,
CO, March 1993.

"Derivatization of Chitin and Cellulose Utilizing LiC1/N,N-Dimethylacetamide Solvent
System," S. L. Williamson and C. L. McCormick, National ACS Meeting, Denver, CO,
March 1993.

"Controlled Activity Polymers: Synthesis, Characterization and Reactivity Ratios of
ý-Naphthyl Acrylate, 5-Acrylamido(3-Naphthvl)Valerate, and 6-Acrylamido(p-
Naphthyl) Caproate Copolymers," C. Boudreaux, D. Sellers and C. L. McCormick,
National ACS Meeting, Denver, CO, March 1993.

"Effect of Surfactants on the Solution Properties of Hydrophobically Modified,
Cationic Polyacrylamides," Y. Chang and C. L. McCormick, National ACS Meeting,
Denver, CO, March 1993.

"Rheological and Photophysical Investigation of Domain-Forming Hydrophobic
Polyelectrolytes Based on Sodium 11-Acrylamidoundecanoate," M. C. Kramer, C. G.
Farmer-Welch and C. L. McCormick, National ACS Meeting, Denver, CO, March
1993.

"2 3Na NMR Studies of Ion-Binding to Anionic Polyelectrolytes: Sodium 2-Acrylamido-
2-Methylpropanesulfonate (NaAMPS) and Sodium 3-Acrylamido-3-Methylbutaneoic
Acid (NaAMB)," J. Kahalley, J. K. Newman and C. L. McCormick, National ACS
Meeting, Denver, CO, March 1993.

"Synthesis and Solution Behavior of Polyelectrolyte/Polyampholyte Terpolymers
Based on 3-(2-Acrylamido-2 methylpropanedimethylammonio)-l-propanesulfonate,
Acrylic Acid, and Acrylamide," E. E. L. Kathmann, D. L. Davis and C. L. McCormick,
National ACS Meeting, Denver, CO, March 1993.
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"Synthesis and Aqueous Solution Properties of Responsive Polyelectrolytes and
Polyampholytes," C. L. McCormick, M. C. Kramer, Y. Chang, K. D. Branham, and E.
L. Kathmann, National ACS Meeting, Denver, CO, March 1993.

"Tailored Copolymer Structures: Effects on Drag Reduction in Aqueous Media," C.
L. McCormick and P. S. Mumick, National ACS Meeting, Denver, CO, March 1993.

"A New Generation of Electrolyte and pH Responsive Water-Soluble Polymers for
Mobility Control," C. L. McCormick, K. D. Branham, D. L. Davis, and J. C.
Middleton, National ACS Meeting, Petroleum Chemistry Division, Denver, CO, March
1993.

"Hydrophobically-Modifled Polyelectrolytes: Rheological Properties in Aqueous
Solution," E. Kathmann, Y. Chang, and C. L. McCormick, National ACS Meeting,
Polyelectrolytes Symposium, Denver, CO, March 1993.

"Synthesis and Solution Characterization of Cationic, Hydrophobically Modified
Acrylamide Copolymers," Y. Chang and C. L. McCormick, ANTEC, New Orleans, LA,
May 1993.

"Investigation of Domain-Forming Hydrophobic Polyelectrolytes Via Rheological nad
Photophyscial Studies," M.C. Kramer, C. L. McCormick, 5th Annual Graudate
Polymer Conference Georgia Tech., Univ. April 1993.

"Structure/Property Relationships in Associative Polyelectrolytes: Effects of Synthetic
Parameters on Polymer Microstructure and Solution Properties," K.D. Branham, G.
L. Shafer, D. L. Davis, and C. L. McCormick, 5th Annual Graudate Polymer
Conference Georgia Tech., Univ. April 1993.
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K. Graduate Students

Dr. J. Kent Newman - will graduate August 1993
joined Geotechnical Division/U.S. Army Corp of Engineers

Dr. Pavneet Mumick - graduated May 1993
joined Kimberly-Clark

James P. Dickerson - graduate August 1993
joined Eastman Chemical

C. Boudreaux
K.D. Branham
E.E. Kathman
M. Kramer
M. J. Logan
Y. Chang
S. Williamson
K. Johnson

Undergraduates

D. Sellers
D. Davis
G. Shafer
S. Manning
T. Posey
T. Boykin
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L. Other Funding

"DOE/EPSCoR Traineeship," DOE/EPSCoR, $15,625/year (1992-1994)

"Responsive Copolymers for Enhanced Oil Recovery," Department of Energy, $273,400
(1992).

Unilever Research Fellowship, $15,000 (1993).

Exxon Chemical Company, $10,000 (1993).

Gillette Research Institute, $15,000 (1993).
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PART II

Charles L. McCormick
Roger D. Hester

The University of Southcrn Mississippi
(601) 266-4872

Scientific Officers: Dr. JoAnn Milliken
Dr. Kenneth Wynne

Project Description/Significant Results for 6/1/92-5/31/93

Responsive synthetic copolymers have been tailored with specific
microstructural features in order to elucidate drag reduction behavior in aqueous
media. Our studies have clearly shown the role of the polymer in ordering of solvent
in the vicinity of the macromolecular coil. Specific "runs" of hydrophobic units spaced
by hydrophilic units are necessary for macrophase organization in aqueous media.
We have prepared pH- and salt-responsive drag reducing systems based on
zwitterionic and ionic polymer structures which have the best drag reducing
properties reported to date. The copolymers of acrylamide with 3-(2-acrylamido-2-
methylpropanedimethylammonio)-l-propane sulfonate (AMPDAPS) showed the
highest drag reduction efficiency as measured by a rotating disk apparatus. The
polymer can be prepared by inverse emulsion or microemulsion techniques for rapid
dispersion. The automated display system constructed in our laboratory indicates
that polymer solutions of this copolymer system reach maximum drag reduction in
an extremely short time frame.

A kinetic model has been proposed by our group that explains the major
features of the drag reduction phenomenon. The model considers the collision of fluid
disturbances in turbulent flow with the polymer coils in solution based on volume
fraction of the latter. Experimental measurements of drag reduction efficiencv can
be related to molecular parameters of our extensively characterized polymers. The
model gives explanations for inconsistencies that arise in drag reduction
measurement using different flow geometries and is consistent with previously
obtained data and empirically derived relationships. The model shows that
increasing the molecular weight (or degree of polymerization) increases the polymer
hydrodynamic coil size which increases the chance of collision between a polymer coil
and a turbulent flow region. Increasing molecular weight and controlled alteration
of macromolecular structure also increases the effectiveness of a collision to reduce
turbulence which may be related to the extensional viscosity of the polymer solution.
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Major Success of Work to Date

• discovery of salt-water effective drag reducing polymers
o new polymerization/dispersion technology
• rapid response DR fluid with low volume/low weight
* rapid measurement apparatus for small quantities of material

Important Consequences are Development of

" an empirical relationship relating DR efficiency to polymer structure--
including salt water systems where most polymers are inefficient

" a kinetic model consistent with theoretical model and experimental
measurements

" techniques which should allow accurate prediction of behavior in flat
plate and tube geometries based on rotating disk data.

The Important Breakthroughs in This Research Should be Followed
by Continued R&D on

* rapid delivery emulsions
• measurement techniques/automation
* the role of the new DR systems in signature alteration

Project Goals for the last quarter of the contract June 1 - August 31, 1993

During the last three months of the project, the final technical publications will
be written from the recently completed laboratory measurements.

Needs

The fundamental concepts developed in Lias project rould have a dramatic
impact on the technology of drag reduction. We continue to seek those program
coordinators within DOD who could help in implementation of dual use technologies
arising from our substantial research efforts.

9



-ECURJTY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

Ia. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS

NONE NONE
2a. SECURITY CLASSIFICATION AUTHOtI*TY 3. OISTRIBUTION/AVAIIABILITY OF REPORT

NONE
2b. DECLASSIFICATiON I DOWNGRADING SCHEDULE UNL I MI TED

NONE
4. PERFORMING ORGANIZATION REPORT NUN CLcS) S. MONITORING ORGANIZATION REPORT NUMBER(S)

6a. NAME OF PERFORMING OPGANIZATION 6b OFFICE SYMBOL 7a. NAME Of MONITORING ORGANIZATION

University of 7,ithern (if appicable)

Mississippi I Office of Naval ksearo,
6c_ ADDRESS (City State. and ZIPCode) 7b ADDRESS (City, Stale, and ZIPCode)

University of Southern Mississippi
Pol ymer Science Department 800 North Quincy Avenue
Sou ern Statilo Box 10076 0 N Q c v
Hattiesburg, MS 39406-0076 Arlington, VA 22217

Ba. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION1 (iJ apphcable)

Office of Naval Research

&,. ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK. V-~, UNT
800 N. Quincy Avenue ELEMENT NO NO NO .

Arlington , VA 22217
"-1 TITLE (Incluae Se.curity (hisift(arion)

"Water-Soluble Copolymers: 26. Fluorescence Probe Studies of Hydrophobically-Modified Maleic Acid-
Ethyl Vinyl Ether Copolymers"

12 PERSnAL AUi HORP)
C.L. McCormick, C. E, Hoyle and M. D. Clark

13a. TYPE OFRIpoRT1 Ar i 13b. TIME COVERED 114- DATE OF REPORT (Year, Month,Oay) f15. PAGE COUNT

ourna rice I FROM TO I I

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18 SUBJECT TERMS (Continue on reverse it necessary and identify by block number)

FIELD GROUP SuB-GROUP

19. ABSTRACT (Continue on reverse it necessary and identify by block number)

20 DISTRIBUT!ON/AVAILABIIiTY OF ABSTRACT 21 AbSTRPCT SECURITY CLASSIFICATION

LAJUNLLACSIýICtJNLIMITED [] SAME AS RPT E[E>TIC USERS

22a NAME OF RESPONSIBLE INDIVIDUAL 22b TEL( PHONE ('n(lude Area Co'k) 22c. OC-FICE SYMBOL

I1(601 )266-42'68) 71 1c0
DO FORM 1473,4 MAR 83 APReditfonmaybeu.dusutil exhausled CupITY -I iA)I(A,7: , P_,

All (dhcr I I I II I I



Water-soluble copolymers: 26.
Fluorescence probe studies of
hydrophobically modified maleic acid-ethyl
vinyl ether copolymers

C, L. McCormick*, C. E. Hoyle and M. D. Clark
Department of Polymer Science, The University of Southern Mississippi, Hattesburg, MS
39406-0076, lISA
(Received 13 August 1990: accepted 19 October 1990)

Pyrene fluorescence spectra and lifetimes have been employed to study the p8--induced conforrnanonal
transitions of mateic acid-ethyl vinyl ether copolymers that have been hydrophobically modified vAirh
varying amounts of 4-butylaniline (4-BA), Results indicate that those copolymers containing up to 50 rnol%-
4-BA (relative to the total number of maleic acid groups) undergo a transition from a highly collapsed
*hypercoil' confcrmation z, !ow degrees of ionization (2) to an open, hydrated conformation at high 7
In contrast, a copolymer containing 70 mol% 4-BA moieties forms compact. hydrophobic microdornains
over the entire range of a. Fluorescence quenching of the pyrene probe by TVI and nitrornethane indicates
that The accessibility of these microdrimains is related to 7. andfor thc degree of hydrophohc incorpotiatlur
Dilfwu~on coefficicrnts anld effective coil dian-leters of these polyinersN as etermined ýi~i d'. nliiui& liiihi ,A 1.cf
measurements indicate anl increasing degree of intramnolecular assocliation %kith incrcaisingl h.,ýdrophkllb
content at hich 7. Ashile fluorescence measurements indicate no ,uch intera~iotius it i'. sie ,stc.:
t houghl the pyrene probe mnay associate wvith the h% drophobic regions oft the,_e pclvic ie ý. it tnot id'i&s
.protected' fromn the builk aqueous solution for fluorescence enhancemnent to occUrý

t(Key% ord%: copoly mers; fluorescence specs roscopy. conformation; malt-it acid; eth.%I v in~yl ohtir: hYdrophobic niodifiraa t- 1

INIRODUCTION paper, we report preliminary results on the utility and

In recent Ncars. con~s~drablc intetest in microdomain- apvreýrnt limitatio -ns of pyrene as a fluorescence probe
formne olyctrlyts o 'pjvsaps ha arsen to study changes in the conformation of the polN~soa[p

Owing tý (the presence of suc-h microdomains, these wihncesn
Polymers are capable of sclubilizing large, water-
insoluble hydrocarbons in much the same way as EXPERIMIENTAL
surfactant micelles. One class of polysoaps consists of 11tes
alternating rnaleic anhydride/alkyl vinyl ether co- S3ntsi
Polymers. Strauss and others demonstrated that for alkyl The preparation of a series of hydrophobicallv
groups of length n (where 3 < n < 10), at low degree of modified MA-EVE ccpolymners was carried out in a
ionization a, the observed fluorescence intensity of a three-step process. First, an alternating parent polymer
dansyl label is large, indicating that the label molecules of maleic anhydride and ethyl vinyl ether was synthesized.
are surrounded by non-polar alkyl grup'-. As 7 is Next, the parent polymer was dernvalijzd to varyJing
increased, the fluorescence intensity drops sharply, degrees with a 'ong-chain. primary amine. Finally, these
indicating a transition from a collapsed 'micelle-like' derivatized copolymers were hydrolysed to form the
conformation to an expanded coil in which the probe is corresponding water-soluble polYmers.
surrounded by a polar aqueous environment. Further-
more, as alkyl group size increases, the relative Alu/r'ic afthtdadeco-eothi-/ r'inii Ceihr ( L ',-- E)<
hydrophobicity within the coil at low a is increased as Maleic anhydride ( 12.26 g,' 0. 125 n. ol), ethyl vinyl ether
is the degree to which the polyacid must be ionized in (18.02 g, 0.250 mol) and 2,2-azobisisobutyronit rile
order to destabilize the compact conforrnation 5 9 . - (0.022 g. 1.25 x 10 " mol I were dissolsed in 250 mfl of

We have conducted a photophysical study of the effects benzene and degis,ýcd with N, bubbling for 30 mim The
Of the relative hydrophobicity of a polysoap on the solution was then heated to- 65'C, After approximatelv
stahlilization of the collapsed polymer coil at hich 7_ The 30 min, the polyrr 7r had begun to precipitate. After 16 11,
P0(ysoap,, %%ere 4-hLutylaniline-mr'odificd copolynwrs of both (the precipllitctd polvnmer and thc btncsoluit'it
maileic acid ethyl vinl ether M NA- EVE:). with aquemi ' were poured into I litre (-if eth Ii 'Ither to yield a a. hit.'.
"snlutioti behaviou r typical of ai polyclecetrolyte - In this, Powdery precipitate I lie precipi I ate %as, redfissoled linto

1(10 nil acetone. reprecipitated into. 750 nil ethyl ehr
* r ý &rrc',pondcncc 'ho ojjl hc zittpodscd a nd d ried vnde r viic uun at 50 N sield 19 _3 5 1( (1 l



Methyl ester ifiation of MA-EVE. Esterification of (approx. DP11  1450.t was made itoii ge,: pý:nci aiion

the copolymer for molecular-weight studies was carried chromatography (g.p.c.4 measurements on a Water-s
out as follows. The copolymer was slurried in -- 50 nml system employing a bank of 100, 500, 104 and IWJ A

of methanol. Upon complete dissolution of the u~-Styragel columins and a differential refractometer.
copolymer, 0.02 vol% of concentrated HS04 was added Monodisperse poly(methyl methacrylate) standaids
and the mixture heated to 50'C for 8 h, The esterified (Scientific Polymer Products) were used to establish the
polymer was purified by repeated precipitation from calibration curvc
benzene into ether, and finally dried under vacuum at
40CC.

[-/uor'_ý 4 uat, 0nII . sm 1on .szud.le of~ pp t (,;( I 1! Solution',

jkldifcaionof A-VE vih 4butlailie.Maleic of modified NIA ELV copolvmeis N~crc 'doped' wkith

Afofichonof A-EE wth -bavnii. pyrene by adding microlitre quanititie-s of a, concentrated
anhydride-co-ethyl vinyl ether (3.5 g, 2.06 x 10- 2 mol of

anhdrie nit~wa dssove in100mlof thy aetae. pyrene/rncihanol solution to the polymer solution
Tnhedrsoluntion was cosolved to 100 with an icebth andtte Typically, I jp1 of a 10 -2 MI pyrene solution was added

The oluionwas oold t O'Cwit anice athand to 10 ml of polymer solution to give a final pyrene
degassed with N 2 for 20min. An appropriate amount of concentration of 10'6 M. Samples were dcgassed by
freshly distilled 4-butylaniline (4-BA) was dissolved in bubbling with helium.
50 ml of ethyl acetate and placed in an addition funnel. Pyrene steady-state emission spectra were recorded
With continued N, bubbling, the aniline solution was with a SPEX Fluorolog-2 fluorescence spectrometer. The
added dropwise to the polymer solution, keeping the spectra were corrected for the wavelength dependence of
temperature below 5'C. The nitrogen purge was the detector response using an internal correction
removed, and the solution was heated to 65'C for 10 h, function provided by the manufacturer. All sample-, were
at which time the polymer was precipitated into 600 mil excited at 324 nm, and the intensities of the first and third
of ethyl ether. The white, powdery precipitate was vibronic bands were measured at approximately 372 and
dissolved in 75 mil of acetone, reprecipitated into 600 mil 32 nm, respectively.
of ethyl ether, and dried under vacuum at room Fluorescence decay curves were measured with a
temperature. Photochemical Research Associates stingle-photon count-

Ing instrument ungan N ,-filed 510-B H llshlarnp An
I BM- PC was employed along with PRA soft are to itt

11 '1drol-isis of hvIdrop/,ohicalhY m~odIifid MlII LIE. the decay profiles" using thie noit-lineir ncrati~e
The modified MA- EVE copolymers (2.0 g) were slurried deconvolutilon technique. In those cases wkhere nion-
in 50 ml of 1.0 N aqueous KOH. This mixture was stirred epnnildcy ecosreol h oghc
at room temperature unn. complete dissolution of the eporinenftial decays werec \kobsered.onytelg-id
polymers occurred. The polymers were precipitatcd into prino h ea uvs\a ud
7006ml of methanol and imm'ediately redissolved in water.
The solutions were dialysed against deionized water Dilnamic lighir .watterintg. Photon correlation spec-
(Spectra/Por 4 membranes. M W cut-off 12 000-14 000)
and freeze-dried. The degree of 4-butvlani line incorpor- troscopy studies were conducte .d using a Brookhaven

atio ineac of he opoymes wa deermned model BI-DS with a Spectra-Physics 127 laser operating

via u.v. absorption methods using the extincticn at 653.6 nm. The sample chamber wvas in a rhermostated

coefficient determined for a model compound in water index-matching bath ttoluene)'Ind a Brook haven model
(t If800M- cm~ -'a 250 .m.Tersligcm BI-2030AT aultocorrelator and associated software were

poiton are 800arze Minm) Thbe reutngc. used to process signals. All data presented are for a 90'
posiion aresumarizd i TaM 1.scattering angle at 25-C.

Much care was taken during samiple preparation in

Charciei~vionorder to remove all traces of dust. Deionized, filtered
Charateriztionwater was used for Initial sample preparation. Solutions

From the molecular-weight estimate of the parent were then filtered in line for several hours using Gelman
polymer and a calculated average molecular weight per Acrodise filters (0.45, 1.2. or 3.0 M pore size)
repei at unit (u.v. compositional studies), molecular Contamninated samples were easily identified by their
weights of each polymer were calculated such that thc erratic non-reproducible scatterintg signals.
concentration of each modified copolymer In solution
could be maintained at approximately 6.3 x 10 mollI'

RFSULTS AND) DISCUSSION

Molecular- weighin determtination of esterificd polyinir. 1 he 'parent' polymecr of maleic anhydride-to-ethyl vinyl
A q~ualitative molecular- weigh t estimate of 3.17 x 10' ether (MA -EVE) was prepared by free-radical polyme'r-

ization in bcn;,enc (M. -, 3170001, D)P =1450). Fach of

Tabl I ompsitin o 4-A coolyetsthe hydrophohieally modified polvawis \has prepared by
Tabl I Crn rnrion o 4-SA cpotyersreaction of the parent copolymnr ict "Ii ant appropriati.

Prk cr 4 IiA` fnolt% ) amount of 4-11A and suhsequcnt hs rolvsis in) dilute
.- . .. ~aquco iJ' K()lý 1,7U% corpon p~ional a nals vqi' \ý a

4. BA- 10 emplox e,,d to deternite thie ,iio~c jlpekrcel~j tae. aa

4-BA-50 4f, anhvdride units that hadik bcen diciivatii/ed . c u~ A§
4. tA .50 -I ' denote" a copolvnilct In wk.hich otic-hIAl of the total

4..7 tavailabhle malcic anhydridc 11mis werc dorixvatiicdi with

*Aý Ieternmicdt xis i;alsb,rpiur 4-1HA ihe, pener it me c f 4- H.\ -inudrtcd NI A l1%l



copolyme'rs is shown below : • -• .. . . ....... .. .... ....... ..

• 7<?,)7)21 4 tA

7 4C K #0 N ., +.+•-.'L --. ;'

K
0 ',,,N
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the microenvironment. Higher values of 13/1 • indicate a coil is highly expanded and hydrated, the pyrene probe

side groups rather than remaining in the bulk aqueous
Effects of pH phase. This point will be addressed further in the

Figure 1 depicts the dependence of 1•/I• on pH in discussion of the fluorescence quenchine data
aqueous solutions of the hydrophobicatly modified In 4-BA-0, a low 13/15 (about 0.56) reflects an
4-BA-maleic acid-ethyl vinyl ether copolymers. For essentially aqueous environment and is invariant with
copolymers containing 10-50mo1% 4-BA, changes in changes in pH. This behaviour suggests a relativeJ3
13/1• are qualitatively similar to those observed for expanded conformation for the poiymer over the entire
poly(methacrylic acid) (PMA) 1 -•3 and maleic acid- pH range. In contrast, a high ( -~0.931 and relativcls
alky'l vinyl ether copolymers where the alkyl group size pH-insensitive 1.3/I• of pyrene in solutions of 4-BA-70
is less than 10 carbons'- 3 . This implies the presence of reflects the presence of microdomains even at high
a conformational transition from a collapsed hydro- degrees of ionization of the polymer. These data indicate
phobic coil to one that is highly expanded and hydrated stabilization of the collapsed polymer coil via hydro-
with increasing pH. Also, as the degree of incorporation phobic interactions between 4-BA moieties and are once
of the hydrophobic group in the copolymers is again similar to those observed in analogous systems.
increased, the degree to which the polymer must be The effects of pH on the pyrene fluorescence lifetime
ionized in order to induce this transition also increases. r are depicted in Figure 2. At this time, it should be
These results are also similar to those previously reported pointed out that only the fluorescence decay curves of
(or maleic acid-alkyl vinyl ether copolymers in which pyrene in those solutions whose 13/I indicate a totally
the relative hydrophobicity of the polymer coil is varied aqueous environment could be satisfactorily fitted to a
by the length of the hydrophobic alkyl chain rather than single exponential. Numerous efforts to fit the remaining
by the degree of hydrophobe incorporation4•. Further- decay curves to a sum of exponentials (either two or
more, it is worth noting that for 4-BA-50, l•/l• three) proved to be unsuccessful. Thus, values of r were

estimated by fitting the long-lived portion of these decay
curves to a single exponential. In the interest of

.• consistency, the same number of data channels were fitted
, U 4~-_•-A-0~ for each decay. Nonetheless, for each of the 4-BA

S CO - • 4-BA-2. copolymers, t changes with pH in very much the same
... -BA-7.- way as does l3it•, thus confirming the role of. ........... hydrophobic interactions in forming and maintaining the

_ :+•0• •'.... , collapsed hypercoil structures of these polymers.

- •o . ! The non-exponential character of the pyrene fluorescence
-"•""-•decay in non-aqueous environments could possibly be

z: \•- \affected by the formation of a non-emissive excipkex
+ \- <"'. • : between pyrene and the acetanilino group of the 4-BA

"""-.. '\.copolvmers and/~or a distribution of hydrophobic host
- -: .. sites for the pv rene probe. Using model compounds.

an i;•efficient (L, :. 3 x 106 M "s • ),hut nonethcl'ss
S. .... Ui.. ..... ; ...... ,- . .. .,;..... signfificant. quenching of pyrene fluorescence in met hanoi

•l( by a small-molecule acetanilide model compound Occurs'
P)1  no enfiksivc complex is formed. A slight deviation from

I'lu•I [fl~iee of Oil on I•, '1 for pyrcne probe '•olubihi,,cd in 4, BA exponential decay is observed for pyrene in the presence
'"P'+n;<r, ¢)#of the modec} compotundl. sl/.J_,cstihL. th.,t •) )•on
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,00) f '•-' Fluorescence measulements -,r f :1c1 Of the 01,c"
CO ,4-13A-- -o copolymers idicatle that the pyrene probe i: expo-•ci Io

-,BA -25 * an aqueous environment, i-e. there are no hydrophobwc
4100 0,)(' 4- BA - b

4 -B•-•" aggregates in the solution. However, significant., decrcase•
in d,ff as the mole percentage of 4-BA is increased indicate
that intramolecular hydrophobic interactions are indeed
present in the system. We have obtained sinnilar results

i> in numerous efforts to employ fluorecence probe
techniques to study a number of other \,.atei--soluble
polymer systems in our laboratories -Rough solution

:,- methods such as viscometry and light scatlering indicate
that hydrophobic interactions are indeed a factor in

0 . observed polymer solution properties" , such inter-
5 U 7 9 W actions are not always reflected bv pyrene probe

photophysics. Polymer solution characteristics may be
influenced considerably by the presence of hydrophobic

Figure 3 Effect of pH on the effective d'amicer of the polymer coil interactions within the solution" however, these inter-
daff for 4-BA copolymers actions or associations may not be in the form of

aggregates of sufficient size or propensity to 'protect' a
probe molecule from the bulk aqueous solution. This

fluorescing reversible complex could be present. How- also suggests that, though the pyrene probe is a very

ever, since the deviation from non-linearity is minimal, effective tool in the study of hydrophobic interactions in

complex formation, if occurring, could be only a minor water-soluble polymer systems, caution must be exercised

contributing factor in the non-exponential decays in interpreting the absence of fluorescence enhancement

observed for pyrene in solutions of the 4-BA copolymers. of a probe molecule as a complete absence of hydrophobic

Perhaps more applicable to the present case is the fact associations.

that the rate of emission decay of the pyrene probe
becomes multiexponential when the probe molecules are Fhwrescmc qienihioa
partitioned between/among different environments.'. If The bimolecular quenching rate constant>, k,- for

a continuous distribution of microen-vironments exists quenching of pyrenc steadN-state fluorcscence intensity
within the polymer coil, the fluorescence lifetimes of the in water and the various copolymer sy stertm are presented
probes associated with these different environments in Table 2. The values of k, obtained from linear

should be described by a function that comprises the sum Stern-Volmer intensity quenching \\ith the neutral
of several exponential decay functions. Therefore, it is quencher nitromethane in the 4-BA copoiymer solutions
suggested that the hydrophobic characters of the discrete are lower than those observed in water. suggesting that.
heterogeneous microenvironments associated with the even in the case of 4-BA-0. penetration of the quencher
4-BA copolymers are non-uniform throughout the molecule is inhibited by the main chain of the host
solution and that the fluorescence lifetimes (Figure 2) as polymer. At low pH. this restrictive effect is particularly
measured describe the most hydrophobic regions of the sensitive to the degree of Mcorporation of hydrophobc
polymer coil. in the copolymer, increased hydrophobe content leads

The effects of pH on the effective diameter of the to a more highly collapsed coil. which in turn slows
polymer molecules d,,, as measured by quasielastic light diffusion of the quencher to the probe and lowers k-, As
scattering are shown in Figure 3. Assuming minimal with 13/1i and r. the quenching rate constants at high
degradation of the copolymers on hydrolysis, the degree pH for 4-BA-0. 4-BA-10 and 4-BA-25 are similar, again
of polymerization of each of the copolymers is the same suggesting the absence of hydrophobic interactions
(DP :. 1450). Therefore, any variations of d,,, that occur capable of sequestering a pvrene probe from the aqueous
within the copolymer series may safely be considered to environment.
be due to hydrophobic interactions between 4-BA groups
rather than due to differences in molecular weight. As
might be expected, as the degree of hydrophobic
substitution increases, the degree to which the polymer Table 2 Ftuorccriccqrerich'ra c¶.on\¶snv fr p\rcnc i aqueous
coil expands on increasing pH is dramatically decreased. sotutionn of 4-BA copnltrner-

Furthermore, a decrease in dd,, with increasing 4-BA Quencher I'ol,,c, pit , r, l 5
substitution at each value of pH indicates that these... .
associations are largely intramolecular in nature. CH.•NO, wdtcr .0' 10 , 4 to'

Apparently, a minimum value of da, is reached at high 4-BA-i. 1 t>o"ý ,o'
hydrophobe content ( >50 moi%). indicating that the 4. PA-0 t o ,1

-4.BA-2•ý 5to'."•" , 0
polymer has assumed the smallest coil dimensions 4-BA.) I. I) -4 30
possible without macroscopically phase-separating. 4.-,'A- 7o ! • ",t.,1uh4e

These data are again indicative that stabilization of the TIWN , , l0
collapsed coil at high degrees of Ionization occurs via 7 ,,
hydrophobic aggregation along the polymer chair,, -BA itl) •,

An interesting phenomenon is observed on comparison -1,- I " I 5 10
of the effective diameters of the copolymers containing 4 BA ) 10"

0. 10 and 25 mnl% 4-BA groups with the fluorescence
data. both steady-state and transicnt, at ptH 9. "( hiv- i ,,, , ii.->.::



The electrostatic binding of the cationic quencher TI' Fluorescence quenching measuhlumntN Indicate that. In
to the negatively charged 4-BA copolymers results in the absence of microdomains fhigh o, low h.drophobe
relatively higher quenching efficiencies, perhaps due to content), the pyrene probe nonetheless associates with
static quenching, than those observed for the non- the hydrophobic segments of the expanded polymer coil.
interactive quencher nitromethane. This phenomenon is It is suggested that, while these segments arc capable of
particularly prominent for the 4-BA-70 copolymer, hydrophobic interactions with each other as well as with
Similar decreases in kq., but less substantial than those the pyrene probe, they' do not form discrete micro-
observed for quenching with nitromethanc, with domains that are capable of 'protecting" the probe
increasing hydrophobe content also suggest that the molecule from the bulk aqueous pha',c
degree to which the polymer coil collapses at a given pHI
is related to its degree of hydrophobicity. An interesting
feature of the TI t quenching experiments at high pHI ACKNOWLEDGEMEINTS
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Water-Soluble Copolymers. 39. Synthesis and Solution
Properties of Associative Acrylamido Copolymers with
Pyrenesulfonamide Fluorescence Labels
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Hattiesburg, Mississippi 39406-0076
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ABSTRACT: Pyrenesulfonamide-labeled model associative polymers have been prepared via copolymer-
ization ofacrylamide with 0.5 mol % N-[(1-pyrenylsulfonamido)ethyllacrylamide. Synthesis of this monomer
and details of copolymerization with acrylamide via surfactant and solution copolymerization techniques are
described. The microheterogeneous surfactant technique yields a copolymer which exhibits intermnolecular
associative behavior in aqueous media as demonstrated by rheological and steady-state fluorescence studies.
Conversely, classical light scattering studies indicate the compact nature of the copolymer prepared by the
homogeneous solution technique. Intramolecular hydrophobic associations, indicated by a low second virial
coefficient and a small hydrodynamic volume, dominate rheological behavior.

Introduction 2000 AM

Microheterogeneous phase separation in hydrophobi- A A/C~oMA

cally-modified water-soluble copolymers can be achieved
by appropriate structural tailoring, yielding systems with
unique rheological characteristics. Among such materials 5.00 o
are rheology modifiers known as "associative thickeners"
which demonstrate significant increases in viscosity above

the critical overlap concentration, C*.' For example, the
copolymer of acrylamide containing 0.75 nool % n-decy- IQ ).0oo
lacrylamide prepared under suitable conditions 2 exhibits
a 16-fold increase in apparent viscosity (Figure 1) as the
copolymer concentration increases from 0.05 to 0.20 g/dL.
Homopolyacrylamide, by comparison, prepared under the
same reaction conditions shows only a gradual increase in o
viscosity with concentration.

Although associative thickeners based on hydrophobic
modification of a number of polymer types including poly- i
acrylamides, cellulosics, polyethers, etc., have been re- ooo....................................
ported, the mechanisms responsible for their rheological 0.00 0.10 020 0.30 0.40

behavior have yet to be fully elucidated. The low conc. (g/dl)
concentration of 'hydrophobes" and the nature of the Figure 1. Illustration of associative behavior of polyacrylamide
interactions preclude study by traditional spectroscopic modified with 0.75 mol % n-decylacrylamide via surfactant po-
techniques such as IR or NMR due to insufficient lymerization.
resolution. Photophysical techniques with appropriately
labeled copolymers, however, have been used by our group of less than I X l0~ mhoicn. Other starting materials were
and othersM. to study such systems. purchased comimerically and used as received. Solvents were

In this paper we reportsynthesis and solution properties reagent-grade, unless otherwise noted.
of copolymers of acrylamide with N-[(1-pyrenylsulfona- Monomer and Model Compound Synthesis. N-[(l-Pyre-
mido~ethyllacrylsaide. The pyrenesulfonamidecomono- nylsulfonamido)ethyl]acrylamlde (5) and Its Precursorso aeideoo a (Schemes I and II). Sodium l-Pyrenesulfonate (7). A
mer serves in two capacities in this study-, it provides a literature methods was modified for the preparation of sodium
fluorescence label for photophysical measurements, and 1-pyrenesulfonate. Pyrene (G; 47.60 g, 0.235 mol) was dissolved
it serves as the hydrophobic monomer. Under selected in 300 mL of CHCI,. Chlorosulfonic acid (16 mL, 0.24 mot)
reaction conditions discussed herein associative properties dissolved in 50 mL of CHCI2 was added dropwise to the pyrene
are observed. The subsequent paper in this series details solution with brisk stirring, at 0 °C, under a steady nitrogen
photophysical eviden'e for the associations. stream. The reaction progress was followed by TLC (CHsOH

eluent); 1-pyrenesulfonic acid appears at R,= 0 while pyrene has
Experimental Section a higherR/value. The resulting dark-green solution was poured

(with extreme caution) into 6W cm' of ice and stirred, allowing
Materials. Acrylamide (AM) was recrystallized from acetone the CHCI2 to evaporate over a 2-day period. This solution was

three times and vacuum-dried at room temperature prior to use. filtered twice through Celite to remove particulates; each time
Pyrene was purified byflash chromatography$ silicagel packing; theCelitepads werewashedwith 1x 160mLof`HfO. NaOH(10.0
CH2CI2 eluent). NN-Dimethylformamide (DMF) was allowed g, 0.2o mol) was added as an aqueous solution. Aqueous NaCl
tostandovernightover 4-Amolecular sieves and was then diRtilled (500 cms) was also added. The yellow sodium salt 7 was
at reduced pressure. H20 was deionized and had a conductance precipitated via slow solvent evaporation, filtered, and vacuum-

dried at 65 *C. Elemental analysis indicated that this product
I Present address: 3M Science Research Laboratory, St, Paul, was a dihydrate and contained residual NaOH. This salt was

VV tM 4A-1.(W used successfully in the subsequent reaction without further
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Scheme I 5% NaCI. The CHCI2 layer was slowly filtered through a pad
Synthesis of N-(I-Pyrenylsulfonyl)ethylenediamine of MgSO4 and then treated with 15 mL of 1.0 N HCI dissolved

Hydrochloride (9) in diethyl ether. The resulting fine pale-yellow precipitate was
N IC5OHN .' vacuum-dried at room temperature. TLC of this material (3:1

-cH 2cI,,o CHe2Cl2/acetone eluent) exhibited only one component at R, =
---------- 3. 0. HPLC purity was determined to be >99.9 %. Anal. Calcdfor

z•.oH DMF CIIH17S0,N 2Cl C,59.92;H,4.72;N,7.77;S.8.89;CI,9.83. Found:
I I C,59.92;H,4.59;N,7.571;S,8.64;CI,9.81. IR: 2800-3600(NH3-

CI stretch); 3318 (HNS0 2 stretch); 3028 (aromatic CH stretch);
6 7 2912 (aliphatic CH stretch); 1325, 1159 (asymmetric and sym-

metric S-0); 1085 (SN stretch) cm-. 13C NMR (DMSO-ds): 6
S.2C -o0 38.61,39.87 (ethylene resonances); 123.06,123.28,124.15, 126.77,

I - o~, 126.96, 129.63, 129.96, 130.40, 131.60, 134.05 (aromatic reso-
nances).

The free amine of 9 was prepared via addition of a concentrated
Z.HO Kaqueous solution of a molar equivalent of NaOH to 9 dissolved

in the minimum amountof DMIF. After brief stimng, thesolution
9 was poured into H20, which precipitated 9 in the free amine

form, designated here as 10. This yellow solid was washed with
Scheme II H20 and then vacuum-dried at room temperature. A downfield

Synthesis of shift of the ethylene resonances was observed in the 13C NMR
N-[(1-Pyrenylsulfonamido)ethyl]acrylamide (5) spectrum, confirming the formation of the free amine.8 3C NMR

W,•. (DMSO-ds): 6 42.62,46.03 (ethylene resonances); 123.20,123.46,
124.17, 126.77, 126.96, 129.70, 129.87, 130.53, 131.60, 134.05

SNH.'Cr (aromatic resonances).
~ so(N • iLN-[(l-Pyrenylsulfonamido)ethyl]acrylamide (5). The syn-

thesis of 5 is depicted in Scheme II. The amine hydrochloride
. cI ... , salt 9 (1.0 g, 2.8 X 10-3 Mol) and 1,8-bis(dimethylamino)naph-

VF MOC thalene (1.19 g, 5.6 x 10-3 mto) were stirred with 7 mL of DMF
under a nitrogen stream for 15 min at 0 'C. Acryloyl chloride
(2.2 mL, 2.8 X 10-2 Mol) in 7 mL of DMF was then eided drop-

9 wise to the amine solution. TLC (acetone eluent) was used to
follow the depletion of the starting amine (Rf = 0) and the
generation of the product (Rf = 0.70). After the addition was
complete, the reaction mixture was poured into 150 cm3 of ice.

I '"-i SO•._ The product precipitated overnight as a yellow solid, which was
subsequently filtered and vacuum-dried at room temperature.
Yield; 0.90 g (88%). Product recrystallization was performed
by dissolution of 0.9 g of 5 in 300 mL of boiling CH02C,, decol-
orization with Norit RB 1 0.6 charcoal pellets, and filtration
through a Celite pad. Pale-green crystals formed, which were

5 recovered in 69% yield. Purity of this material was determined
tobe>99.9% viaHPLC. Anal. CalcdforClHlsSO3N2- C,66.67;

purification. Yield: 51.0 g (71%). Anal. Calod for C16H,30r H, 4.76; S, 8.47; N, 7.41. Found: C, 66.83; H, 5.00; S, 8.48; N,
SNa: C, 56.46; H, 3.85; S, 9.42; Na, 6.76. Found: C, 55.64; H, 7.49. I& 3050-3600 (NH stretch); 3370,3289 (HNSOl stretch);
3.15; S,9.33; Na, 8.71. IR: 3100-3700 (OH stretch due to HzO); 3084 (aromatic CH stretch); 2938, 2864 (aliphatic CH stretch);
3045 (aromatic CH stretch); 1194 and 1060 (asymmetric and 1659,1540 (amide I and II bands); 1312,1159 (=0 asymmetric
symmetric 8=O stretch) cm-4, 3C NMR (DMSO-dQ: 5 123.72, and symmetric stretch) cm-l. 3C NMR (DMSO-de): 6 38.77,
124.82, 125.34, 126.26, 126.74, 126.80, 126.88, 127.29, 127.69, 41.95 (ethylene carbons); 127.14,129.58 (vinylic carbons); 123.09,
130.11, 130.71, 131.29, 141.81 (all aromatic resonance). 123.32, 124.07, 124.27, 125.02, 126.63, 126.79, 126.86, 129.44,

l-Pyrenesulfonyl Chloride (8). Ahydrochloricacidsolution 129.73,130.36,131.44,132.23,133.88 (aromatic carbons); 164.84
in diethyl ether (30 mL, 3 X 10-2 mol) was added to a slurry of (acrylamido ketone carbon).
7 (9.1 g, 3 X 10"' mol) in DMF (200 mL) to generate the sulfonic Pyrenesulfonamide Model Compounds. 2,4-Dimethyl-N-
acid. Thionyl chloride (22 mL, 0.18 tool) was then added drop- [((-pyrenylsulfonamtdoyethyl]glutaramide (3). Synthesis
wise. TLC with 3:1 CHCl,/acetone eluent showed the disap- of 3 required first the preparation of 2,4-dimethylglutaric
pearance of the starting material (R/, 0) and the appearance of anhydride, followed by amination with 10 (Scheme IMI).
8 (RI - 0.6). Stirring was continued for 3 h, and then the solution 2,4-Dimethylglutaric Anhydride (11). 2,4-Dimethylglutaric
was poured into 400 cm' of ice. The orange-yellow precipitate acid (2.0 g) was added to 5 mL of acetic anhydride. Vacuum
was filtered and washed with 500 mL of H20. This material was distillation of this solution at 90 "C gave acetic anhydride as the
air-dried overnight on the filter and then vacuum-dried for 18 first fraction. The anhydride product II then distilled over as
hat 100 *C. Yield: 7.7 g (85%). Mp: 172 *C. Anal. Caled for a clear liquid which cooled to form a hygroscopic, hard white
C,.-[SOCL C, 63.89; H, 3.00; S, 10.67; Cl, 11.78, Found: C, solid. Although an IR of this product showed the presence of
63.85; H, 3.09; S, 10.61; Cl, 11.69. URL 3107,3145 (arorsatic CH some diacid (OH stretch 2500-3500 cm-'; C-0 stretch due to
str-,tch); 1590 (SCI stretch); 1361, 1173 (asymmetric and sym- diacid at 1698 cm-1), this material was successfully used in
metric 8-0) cm-. 3C NMR (DMSO-c4): 6 123.79, 123.90, subsequent reactions without purification. Yield: 1.1 g (62%).
124.34, 124.93, 125.52, 126.40, 126.73, 126.99, 127.36, 127.91, 1R 3500-2500 (OH stretch due to acid), 1794,1752 (asymmetrical
130.19, 130.78,131.52, 141.55 (all aromatic resonances). and symmetrical anhydride ketone stretching modes); 1698,1459

N-(l-Pyrenylsulfonyl)ethylenediamine Hydrochloride (acid ketone stretching modes) cm-1.
(9). A modification of a literature procedure for the reaction of Synthesis of 3 (Scheme III). The amine sulfonamide 10
acid chlorides with symmetrical diamines,7 via a high-dilution (0.75 g, 2.31 X 10-3 mol) was dissolved in 6 mL of DMF. This
technique, was used for the synthesis of 9. Ethylenediamine solution was added dropwise to 11 (0.41 g, 2.54 X 10-3 mol)
(10.OmL,0.15mol) was added to 1 Lof CH1CI0andstirred rapidly dissolved in 2 mL of DMF under NRat0 0 C. The reactant mixture
at 0 *C under a nitrogen blanket. 8 (3.0 g, 1.0 x 10-2 mol) was was stirred for 5h and then poured into 50 mL of saturated NaCI
dissolved in 1 L of CH2Cl, and added dropwise to the stirred solution, which was acidified (0CI). A yellow oil immediately
diamine solution. After addition was completed (about 2 h), the formed. The H20 was decanted and the product dissolved in 30
CR-.1 loavy, wpa pytrnrtPd with 9 X 'I T, of •1e, Rmln 1 x 9, T. -,f ml, of CHiCl,. Extraction of this solution with 50 mL of H1O
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Scheme III Scheme IV
Synthesis of Pyrene-Containing Model Compounds 3 Synthesis of Copolymer I via the Surfactant

and 4 Polymerization Technique

• • SOS tH,10 w•0 0,.c•••'

1~~1 AM5

10C- C-0~.

0_,K. 0 25 U

3

No

• • .A'cH,oH-- "1
CHOH

Synthesis of Pyrenesulfonamide-Labeled Polymers.
10 12 Poly(N- [(l-pyrenylsulfonamido)ethyl ]acrylamide-co-

acrylamide] I. Surfactant Polymerization Technique. The

OH C" general method of Turner et al. was employed (Scheme IV).'
Monomer feed ratio in this copolymerization was 99.50 mol %

NSoNw'•.N-CH AM to 0.50 tool % 5. The polymerization was periormed by0N - adding 7.38 g (0.105 mol) of AM, 7.92 g (2.74 X 10-2 mol) of
sodium dodecyl sulfate, 0.20 g (5.29 X 10-4 mot) of 5, and 235 g
of H20 to a 500-mL flask equipped with a mechanical stirrer,
nitrogen inlet, condenser, bubbler, and heating bath. This
mixture was heated to 50 *C under a nitrogen purge. The stirring

4 ratewasnmaintainedatapproximately6Orpm. Allofthesmonomer5 had dissolved after 15 min; polymerization was then initiated
precipitated the product as a pale-green solid. TLC (CH3OH via syringe addition of 9M25 X 10-t mol of K2S208 as a deaerated
eluent) gave aR/f= 0.82 for the product; traces of impurities near solution in 2mL ofH2O. Polymerization was allowed to continue
Rf = 0 were also present. Purification of 3 was performed via at 50 *C for 12 h, after which time the polymer was recovered
dissolution of 0.61 g in DMF, followed by flash chromatography via precipitation into acetone. Purification was accomplished
on25OmLofsilicagel, with CHOH asthe eluent. Thisprocedure by rediasolving the polymer in H20 and dialyzing against H20
was tedious since the product was very slow to elute. Vacuum using 12 000-14 000 molecular weightcutoff dialysistubing. The
solventremoval from the pure fractions gave abouta 0.2-g (33%) polymer was recovered by freeze-drying. Conversion was 22%.
yield of a pale-yellow-green product, The HPLC purity of this Poly[N-((-pyreuyluufouamido)etIlac..&de-e.I
material was determined to be >99.9 %. Anal. Calc&k C, 64.35; aPry[amide2l. Solution Polymeridtion Techniqua . Mono.
t 6.63; N, 6.01; S, 6.87. Found. C, 64.20; K 5.69, N. 6.94; S, mer feed ratics, quantities, and equipment in this preparation

6.73. 1U (500-2600 (acid OH stretch); 3378, 3284 aCirsiu (Scheme V) were thesame as in the previous procedure. Comono.
stretching); 1737 (asymmetric C-0O stretch of the acid residue); mere were dissolved in a mixture of 130 mL of DMF and 100 mL
1684 (amide 1); 1649 (amide II); 1302, 1167 (asymmetric and of H2O. Three freeze-pump-thaw cycles were performed to
symmetric S--O stretch). 13C NMR (DMSO-dQ: 20.37, 21.13, remove residual oxygen. The initiation procedure was as
21.56 (aliphatic resonances of the gletaric residue); 42.84, described forthesurfactantpolymerization. Inthiscase, polymer
(aliphatic resonances of the ethylevediaiine residue); 1.94, precipitated from the solution as the polymerization continued
127.92, 130.63, 133.23, 135.99, 137.62 (aromatic resoues); (12 h). Pouring the suspension into acetone allowed recovery of
179.01,180.80 (ketone resonas of the glutaric residue). the polymer product. Purification procedures were as described

N-[((-Pyrenylsulfonamldo)ethyl]gluoonamidelHeptahy- for the surfactant polymerization. Conversion was 21%. UV
drate (4). Synthesis of 4 is depicted in Scheme I3L The free analysis determined 2 to contain 0.36 ol % 5(70% inorpo-
amine of 10 (0.44 g, 1.36 X 10- tool) was added to 6-glucono- ration).
lactone (12; 0.30 g, 1.68 X 10-3 tool) iz 2 mL of CHaOH. A clear
greensolutionwasobtained uponheating;, a refluxwasmaintained Characterization Methods. Pyrenesulfonamide Deriy-
for 18 h. Compound 4 precipitated from solution as a yellow- atitrs. 13C NMR spectra were recorded with a Bruker AC-300
green solid. After filtration and washing with CH3OH, 4 was instrument. MostsampleswerediseolvedinDMSO-4-chemical
vacuum-Ldiedovernightatroomtemperature. TheHPLCpurity shift assignments are relative to the central DMSO peak (1C,
of this compound was determined to be 99.9%. Elemental 39.50ppm). UV-vis spectra were recorded with a Perkin-Elmer
analysisdetermined4tobeaheptabydrate. Yield: 0.31g(45%). Lambda 6 spectrophotometer. A Mattson Model 2020 FTIR
Mp: 171-1730C. Anal Calod(heptahydrate): C,46.67;Hi,4.90; was used to obtain infrared spectra.
N, 4.83; S, 6.19. Found: C, 46.16; H, 4.55; N, 4.24; 8, 5.31. IR: Sample purities were determined in most cases by both TLC
3600-3000 (OH stretch); 3379 (HNSO, stretch); 1657 (amide I); and HPLC. TLC was performed on Merck Kieselgel 60 silica gel
1533 (amide II); 1419 (CN stretch); 1307,1161 (asymmetric and plates. Developed plates were generally viewed under 325-nm
symmetric 8=O) cm'-. 1C NMR (DMSO-ds): 6 38.24, 41.20 light for pyrene derivatives. HPLC was performed on a Hewlett-
(ethylene resonances); 63.27 (I'COH); 69.89, 71.44, 72.25, 73.45 Packard Model 1050 system equipped with a photodiode-array
(2'COH); 123,17, 123.35, 124.22, 126.65, 126.81, 127.09, 129.51, detector. A Waters s-Bondapak CI8 column was employed with
129.68,129.62,130.51,133.93 (aromatic resonances); 172.77 (amide methanol as the mobile phase. The sample effluent was typically

Alf r I I I I I II I I I l lth
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Scheme V quantities of purified monomer for polymerization and
Synthesis of Copolymer 2 in DMF/H 20 photophysical investigations.

0 Several features of 5 should be noted. The acrylamido
___"NHSO HC functionality of the monomer allows rapid copolymeri-

O�M�,O zation with the acrylamide monomers. Monomers of this

•A 0 type have large ratios of (kp2/k,) where kh and k, represent
the rateconstants for propagation and termination in free-
radical polymerization. The amide and sulfonamide
linkages are hydrolytically stable in aqueous media and
thus protect the integrity of the label during photophys-
ical analysis. The monomer 5 has no benzylic hydrogens
for chain transfer as do most pyrene labels reported in the

",C-o. -~ O literature. The spacer length (rn this case, ethylene) can
be altered in the synthetic procedure to decouple the
pyrene from the polymer backbone. Finally the pyrene-

HHSo, sulfonamide chromophore has a high molar absorptivity
value and a high quantum yield of fluorescence.-"

The synthesis of 5 deserves some comment. The first
synthetic step (Scheme 1), chlorosulfonation of pyrene,
proceeded smoothly. Product 7, sodium 1-pyrene-

CIS U% sulfonate, contained a small amount of NaOh but was
2 used without further purification. The compound was

Table I isolated as a dihydrate; similar compounds have beenStock Solutions of Labeled Polymers reported to exist as hydrates-for example, 1-pyrenesulfo-
nic acid.12 Transformation to pyrenesulfonyl chloride (8)

polym conc, fluorophore was also facile.
polymer mg/dL conc, mol/L The reaction of 8 with ethylenediamine to give N-(0-

1 218 7.13 x 10-5 pyrenylsulfonyl)ethylenediamine hydrochloride (9) was
2 193 9.28 x 10-' problematic. Initial attempts, despite dilute reaction

conditions, led to production of significant amounts ofwere monitored--depending on the nature of the suspected the ethylenediamine bis(sulfonamide) which was difficult
impurities a to separate from 9. Apparently, the reaction is diffusion-

Solution Preparation. Polymer stock solutions were pre- controlled. Reaction of 8 with ethylenediamine is quitepared in H2 0 or 2 % (w/w) NaCI at ca. 200 mg/dL. Several weeks
of constant mechanical shaking were required for complete sol- rapid, and if the desired monosulfonamide product 10
ubilization. Solutions were filtered through an 8-gm filter; a encounters another molecule of 8, the sequential reaction
peristaltic pump was employed to pump the solution at a low will occur.
flow rate. Polymer and fluorophore concentrations of stock Recent literature has addressed control of such reactions.
solutions are shown in Table I. Monoacylation of symmetrical diamines can be achieved

Copolymer Composition. The copolymer composition was by a'high-dilution" technique.7,13 Therefore, a very dilute
determined by UV analysis of the aqueous copolymer solutions, solution of 8 was added dropwise to a solution of excess
The pyrenesulfonamide chromophor" was determined to havee ethylenediamine with rapid mixing to reduce the disub-

24120 M-1 cm-. stitution reaction. A pure product was obtained by
Rheological Studies. Viscosity measurements were per- extraction in methylene chloride and conversion to the

formed on solutions ranging from 20 to 200 rg/dL in concen- acin hydro chloride bn ofvHrlin ty the
tration. Measurements were recorded with a Contraves low- aminehydrochloride9byadditionofHClindiethylether.
shear 30 rheometer at 25 *C and a shear rate of 6.0 a-i. Reaction of 9 with acryloyl chloride (Scheme II) was

Classical Light Scattering. Classical light scattering mea- facilitated by using 2 equiv of the acid scavenger 1,8-bis-
surements were performed on a Chromatix KMX-6 instrument (dimethylamino)naphthalene. This base is aterically
A 1.2.-m filter was used in the filter loop. Measurements were hindered 14 and will not deprotonate the sulfonamidemade at 25 *C. d./dd measurements were taken on a Chromatix proton 5. The sulfonamide proton of 5 is acidic; trieth-KMX-16 differential refractometer also at 25 OC. ylamine and other bases deprotonate 5 to give the sul.

Results and Discussion fonamide salt, which is nonfluorescent. The pyrenesulfo-
namide monomer 5 was recrystallized from methylene

The synthetic objective of this work was to prepare a chloride. HPLC analysis utilizing dual ultraviolet detec-
pyrene-containing monomer which could be copolymerized tion at 330 and 220 nm indicated a sample purity greater
with acrylamide to yield a copolymer with associative than 99.9%.
thickening behavior. Our concept was to utilize a hydro- In addition to the desired sample purity, monomer 5 is
lytically stable monomer with both the necessary hydro- soluble in aprotic solvents such as dimethylformamide
phobic characteristics and photophysical response. Al- and dimethylacetamide. It is insoluble in water but,
though fluorescence probes and labels have been used to importantly, is readily solubilized by sodium dodecyl
study organization, we know of no other reports utilizing sulfate micelles.
the fluorescence label as the sole hydrophobic moiety for Model compounds 3 [2,4-dimethyl-N-[(1-pyrenylsul-
domain formation. fonamido)ethyljglutaeramidel and 4 [N-[(1-pyrenylsul-

The monomer N-[(l-pyrenylsulfonaxido)ethyl]acryla- fonamido)ethyl]gluconamide heptahydrate] were synthe-
mide (5) proved to have the necessaryproperties to achieve sized as water-soluble species bearing the pyrene-
our synthetic objective. This monomer was initially sulfonamide moiety for model studies (Scheme Ill).
synthesized and a small quantity provided by Winnik's Neither 3 nor 4 has been previously reported. Structural
group.)0 Subsequently we modified synthetic procedures and purity evaluations of both were satisfactory. Inter-

. I . 1 l - "l -- I - '-' ' 1 - - - -: I- 1
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Figure 2. Relative viscosity vs concentration for copolymer 2 Figure 3. Reduced viscosity vs concentration for copolymer 2
in H20 (A) and in NaCI (o). in H20 (&) and in NaCl (0).

drate. Other hydrophobic gluconamides have also been 4.00 ]PAMi HO

reported to have highly hydrated structures.'6  
C)100C) I ; 4 H2o

Synthesis of Model Polymers. Two synthetic meth-
ods were chosen to prepare copolymers with approximately
0.5 mol % 5 but different microstructures. In the first 3.00 '

procedure, often called the 'micellar technique", 99.5 mre 0
% acrylamide and 0.5 neol % 5 were copolymerized in
aqueous solution in the presence of sodium dodecyl sulfate
at concentrations well above its critical micelle concen- -2-0 0

tration (Scheme IV). Potassium persulfate was used as
the initiator. 0

Concurrent studies in our laboratories with phenyl and 0
naphthyl chromophore-containing monomers have shown 1 .00
that in this microheterogeneous procedure the surfactantl o
hydrophobic monomer ratio is important in dictating final
rheologicalproperties.• 6 Thesefmdingsareconsistentwith
a proposed mechanism of successive chain propagation of
hydrophobic monomers present in the separate SDS mi- .oo ........ ...... 1 .1 . .
celles and solution polymerization of acrylamide resulting 0.00 0.05 0 ... o. o.. 0

inahortrunsofthecomonomerrandomlydistributedalong conc. (g/di)
thepolymerbackbon& The importanceof thisdistribution Figure 4. Relative viscosty vs concentration for copolymer 1
will be addressed later in this report, in H20 (A) and in NaCI (0) and for homopolyacrylamide in H20

In a second synthetic procedure (Scheme V) the two (O).
monomers in the same molar ratios were copolymerized Rheological Studies
under homogeneous reaction conditions in a DMF/H20
mixture again with potassium persulfate initiation. This Rheological studies were performed on diluted stock
polymerization might be expected to occur in a more solutions (Table 1). Copolymer I prepared by the micel-
random fashion than the micellar polymerization with lar technique, like many other associative copolymers
monomers of 5 randomly distributed along the backbone. synthesized previously in our labs, required several weeks

Copolymer Characterization. The micellar copoly- with continuous shaking for complete dissolution. A Con-
mer 1 was purified by successive precipitation into acetone, traves low-shear 30 rheometer operating at 6 9-4was utilized
redissolution into water, dialysis to remove the surfac- for viscometric studies.
tant, and freeze drying. Verification of the removal of Equations 1 (the Huggins equation) and 2 (the "modified
SDS was obtained using the BaCl reagent, Copolymer Einstein-Simha" equation) are often utilized to study
2 precipitated as a suspension during polymerization and polymer solution behavior. The utility of the Huggins
was purified by sequential addition to acetone, filtration, [+ 2(
redissolution into water, and lyophilization. Vm I V] + h'[•I (1)

Copolymer compositions were determined by ultraviolet
spectroscopic analysis in water of the pyrenesulfonamide T1,,1 = I + [71]C (2)
chromophore at 351 imn (4 = 24 120 M-1 cm-1). Copolymner
I was found to contain 0 9.5 mol % 5 (50% incorporation), equation (eq 1) is well recognized for solvated polymers;
while copolymer 2 contained 0.35 mol % (70% incorpo- alternately, eq 2 has been proposed for the analysis of
ration). Fluorescence studies which include character- polymers which behave assuspensions in solution.17 Plots
ization of the microstructure of copolymers I and 2 are of the relative viscosity versus concentration for 2, theS. . . .,. .... .I . • a. v• ,arn , ft.•, I q hftr. t p in F iv il'o, 2
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14,00 - orophore-containing hydrophobic monomer and model&&a& I in H;O

00000 1 in 0.342 M No0 compounds. These materials were purified for polymer-
1200 ization and subsequent photophysical studies. The by-

drolytically stable, pyrenesulfonamide-labeled monomers
Sare readily copolymerizable with acrylamide via homo-

10.00 •geneous (solution) and heterogeneous (miceflar) polymn-

a erization techniques. Labeled copolymers prepared by
19.00 o the two procedures have significantly different rheolog-

ical behaviors. The surfactant-polymerized copolymer I
Qo in aqueous media exhibits a low critical overlap

p- b_00 concentration-typical of associative thickener behavior.
0 Conversely, the solution copolymerization yields copol-

4 00 ymer 2, which is more spherical in nature. The Huggins
o profile of this copolymer in aqueous solutions has zero

slope, demonstrating a compact conformation. Light-
2,00 scattering analysis of this copolymer in H20 gives a second

virial coefficient value of zero. Photophysical analysis of
0.00..................these systems has been conducted and is reported in the

0.00 0.05 0.10 0.15 0.20 0.25 next paper in this series.
conc. (g/d;)
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yielding properties not readilyv at tain"'ble witl file hetigh
charge density polsampholytcs. olymlvlers \were soluble: CH2=CH CH12CH rlH2 C.H
Iin detorni/ed water as well is, Iin the piesettce of added ociro
electrolytes. Ilit the absenrce ol1 addedi elect oltes. lie lossNH NH M
charge d1ensit rolkampokle,1 te - 1(" Iltm! howed - c ,c

hieher chiree den-.iue a tie\ -mrd to inaimlecikiir tonic ' OH3 - 5,C 5-C

asslociations. The rheolouv of hIli0 ionlic stlrenthl aqulcon', Na. c C1
sýolutiolNs eould he Controlled by idilustin te ilic nt

(1(02 I356t q2 204;1,4 41-1
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/A MPITAC ) as the cationic monomer. This nmononmer I heseC hy 0 mCcl-11 I e ater:mw, s Crc s a'shed Itcpcat cdiA
features at quatcniuzed ammtoniumn funictionality which is 's ith detonized water to reinoi\e any remainiang, salt, or
resistant to hydrolysis and readily copolymerizable 2 ' I. mono11mer, and thenr lyciphilticed. (onvcrsions \ý ere deter-
The methods used to synthesize these terpolymers anid mined gravtnmetrically hThh' 1 lists rea~tion p;,rameter:
their dilute solution behaviour are discussed and corn- for the ter polyrmerii~taion of AM NI ith NaA NIPS and
pared to the previously studied ADASAM series. -\NIPTAC. I Tt.i.. 1ypical icrpolbmcr , A] ASAN M 15-I 1

\1 VII 15 - 3200cm '.1 C If 29;lcrm ý "'l (_ý()
1674-- 105§,'Cln s) S (JI 2106'cn ( n tn

1i\PERIMENTA!. .\IASANI V-§.A%1(.-0 1i I ppnm.A\1 1 1( -C
1-9.2 ppm. NaAMIPS (*- () 17 i Opint _haiiu ('11

NaAMfPS obtained from I-luka was purified h\ N t. H 9 ppm.
recrystailization fronm a methanol. 2-propanol sols ent
s~s tem followed bk drvinQ under vacuum at room ]opoir~ Ol i ilo

temperature. Synthesis of AMPTAC by a multistep lerpol\ ncr coml)pos'itions k"crc decterminled from
procedure has been prcsiouslv' reported' Brieflly. 2- rn)mr, bY Integration of tire amnide carhonyl peak,. : ý!

,cyami10-fold hyvipropaniediintethylamine was reacted nl.nir. spectra %kere ohmirned using 10%ki t i aqUeOUs
with a 0flexcess ofirmelthyl iodide in refluxinc diethvl1 CD,0) pol xmer solu tio ns with) ( 3ir)imcI thIy si Ivh-I- propaine -
ether then ion-exchanged to yield the product AMPýPTAC'. suphonic acid. sodium '-alt ul.)SS) ais the reference

fl!.r. spectra %\erc acq utred using, at lcrkin--itneic
Si-whe~i'si o/ ph~'~ ol/A A itri;/ Noa41` lPS andi )600 series 1 71,, rpecirophloomeler. Ni oleuijar %%elvih
,0 fP TA C ?tad~c %es rc performned on i Chromnatis K \j \-( 1wkt

1crpolymers of AM with NaA NiPS and AM PT AC anlelse iht Ncatierinw, in~irumient. Rctracti\ e indes
(the ATASAM series) were synthesized by free radical incremcients wecre obtained non a (hiollati\ KM-
pol\ mnerization in) 0.5 M NaCI aqueous solutions under la-er dilicrental reliractoineic~r F-or qkiicasea.tc liphs
niitrogen at 30 Cusing 0O.1 mol% ',potaissium persulphatte as 'cattering at La ogle'-V ord in(o cl LPV 1-64 channel djigit .0
the initiator. The feed ratio of AM :NaAM PS:AMPTAC correlator wai n'cd in cortuný:non sý ith the KM\X-6 At!i
%ka,i s ,ried from 99WO_):(V5t to 70:15:15 mol'ý,. o h aasetiii. cccni a. i, NI M\,J
thle total m1oloniunici oneniccitaii.'i held constant at
t'.45if TI. Lle u ie ot M. N NaCI as, ihe reaction medium ' ,''''.

ensured that the terpol\ net,, remainmed iii solution duringý_ Stock 01inn c"Odltý hiim.Aditidc-j~j'

III a t\p~ciCi-\ici. spcc.ihed quantities of each "c:tPx'c i~. ':ilii-\Cu ~it '.,'.i~il
monomer weCre dissolved InI Small VOluMeCS 01 \',(lI Pnct!Cfr ,Mlollw oI p"11%o in 'oikcril fr'tn uic~c "!il

'ltn.Alter the pit wats adjusted to 7. the separate -. ýi I I, tn" I hec iuii , ! Ac! iliet d I! ue I '- 1ci:k I <I
solution01S were comthined and diluted to at 0.45%Ni total ý01tcelidi~tJOI1 ii' d .illkioe to .melr' 2w 3 t e.k btto
monomer concentrationt. The reaction mtixt ure si as bemL ;tricals %,d xi iti a ( ot ri' es I -S-i) rheomcite
sparged with nitrogen for 20mm tliten initiated with T riplicate samiple: ktci piepatred uij each ci'ncenitraii: n
0.! Mol% Potassium persulphate. Thte ecactiott xkas to reduce experimentail cr1 iw intno \iiieNisoIi:we
usually terminiiated at < 30'!/ conversion due to the high C~alluated usIN11the Ifi rieeriLLIs Cuatiott
xiscosits of ithe reaction medium and as a precaution
againtst terpolinter compositional drift. The polymners RItLS N))S(tSti\
were precipitated in acetone. redissolved in deion,,ed
\sater. then dialysed using Spectra/Por 4 dialysis bags T-he ATASAMI ierolvmcrs11U \krc ss nthesizcri h% s arvin
with Molecular weilhIt cut-offs of 12000) 14000gnmol - the ratio of AM AC\ P N P \ front Q9o to'l :

After isitlation bv I vophili,'a~cs. :he polymers iserc . mol" . ink 11tC ICed Rte.!Ctiiir patr,)Melet Mid Ihc
stIored in desiccators vih hIta nitinogeri atmosphere. ,c'ultliltg co mpi'Itiloti lo! if ix:m ic ate2cil W

AXiI terpols tiers isere soluible Iin deioni/cd water escpt , ii / Ie hitttc 111111-,C it- i'tlie ici i~ts Ao I A 5 A NI
for AYA.SANI 10-10 and AINSAM 15-I5. These icr- cct.to it0 -cL:t"u' \At' u N\111t'!

polymers precipitated 11r0tr1 solultion during dialssis 7.:. hc teatd t'curcý\ie\ I!;, 'Clci-,lik - o he

1 able I Reclico~n p:r~imctcrs f'r tihe Icr-pirtsrcri/aitrrn iir AMI \t h 5d .\M 5)-. id .5 S1i V1N

mc: A M NSM I'S A \i' PC It M'ill

Ai .ASAt %I/it511i

-St .5.55 ]it 10 xI) 0 It 10 (1

A isi Al \ 1 i. 'o 11 Jim

P~t) Y Mi I fl 2t (1 -1 1 '.! 4385
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previously studied ADASAM series in that AM PTAC I is mf aý Nlkhn'

replaces AM PDAC as the cationic monomer. The Th (filule Saont11 helias lour of tile A I ASA NI CL
quaternary ammoniunm of AM PTAC has been shown to was studiedi in relationship to COpol~nmer CnMposition
provide a hydrolyticahly stable cationic moiety whichi and added electrolyte concentration, Apparent icn.
remains charged regardless of solvent p11'2 . of the polymers we're measured at polymler concentratitons

Coni posit iomil studies beloss C; Ithe critieal o\erlap coritcent ration. uisiti a
Cont rave-s LS-310 loss sheal rhcomlefer Thle soiw ionsý

Terpolymer compositions were determined by the ckrc aiced "3 %eck, to dlo' ýk colnlk;7et ,oktatloii
inteiaration of aervlamido carbonyl peaks obtained from 1 nirinsie s ~cositwcNi tc acutd sWthI uei

'Cn mi>- This mnethod iave the mol%, AMI NaA NIPS cain.u
and AMI-TAC Iin the terpolymers with the exception of
ATASAMN 0.5-0.5 and ATASAMN 2.5-2.5 which we~re cc' ttioia' iil tno i tel) p1 It:I vin
aSSumned to has e coinposit ions equivalent to their feed. \%ith appto( ~iinaiclv Ibalaced nmola r e'cent rat ion'ý o!
Previousl, studies of AM copoly'mers with NaA NiPS >NaAMNIPS and A NIIl'lA( c.\siihit ipoll aniphtoklvi

or AM PTAC showxed low concentrations of chareed hairATS IŽ-ttdplspo'eerli b

mionomers in the feed provided random incorporat~ion hIasA tour 0. and a iet eutAo the chatc maac.ii
reizardle-ss of the conversion 2 'i" 5 The terpolymeriza AlAA 0.-.5ad TA M2 th cli cc
tions were terminated at low conversion ( < 3O0 /o exep denistit is not ,ullicient to produce main ir chianges' iii

for ATASAM 0.5-0.5) as an added precaution against viscosity, how~ever slight Increases Iin inrinsicvicst

compositional drift. Relatively good agreement betwVeen \\erc obsersc~ edm th i nricrasinii salt concentration

the feed comnpositions and the terpolymer compositions EffiC~rs of (all/id c/ri rai,ehw The effects of sodiiin)
is chosvnr in TableC 1. chloride oit iltc Initrinsic S i'cosjite ol the A-]ASA\ I

Ini these ierpolvnierttitons it is unlikely that the ici pokllcmr' \\ICi nilcixutred o! I slical rate of " 90, j
charged units exist in pairs along the polymer chain. -I23 as showni InI Iti~n, '. AT ASA NI 5-S isla
PresIOuIs studies have demonstrated that addition of rmtcices ns~-issii i eudio fi ml

sodiumn chloride lowers monomrer -nmonomeir and tnono- amount of sodliumi Chloride This Is inia ieof the
mer -polymrer electrostatic interactions du ring, polymer- chl ination of not itiniileccula r interact iotm and the cs t
/izaiioTV 161 .I A snimilar,4iielding effect would be expected 11) Coil Cexpi o' il

to ehliminate monomer1cl paiiring thus producing pol\ Ilk h lI po05),1 A Ij N5, %\I III- 1011 1 "0 \ ' \l i

atti1 holvtes sitthi char ,cei monomecrs (histrihuted titill 1'm _tp s
0

io ao lii-p.i 0c

iolni ti long filie ph' me; chiiiit. It is also intetestitto that tat 1141 Il 1 icc 'tCLT 1 OJ lJI)0HW 0li s it iCaWItl

at telmpts to ss iii hiestic thlese polvaimlpholmts wit honl
adkded elect otIS %Nek sil" c ttsCCessfu tl de to phase

ttOtClassical and quasiclastii hiuht seatterin, (alaa for the 2i

ATASAMI ;erieý atre pres;ented in Ta/dr 2. Molecular
%Neiehlts, rance fromn 2.71t U)1" to 6.77 x 10"Pni ol
Terpolvmcirs Nvithi similar degrees of polymerization shov.
decreasinLe second virial coefficient (A,) values wvith '7

increasinue chiarc den~sits . This trend is consistent wvith/
that of recentlr prepared sulphohetatne copolymers of
A NI w%,itll the zwitctrionie mronomer 3-(2-acrviamnido-2-I

methl~proputned iimet hlamm~iinonio )-1I-propaniesulphonate".'
The neicit pokix er difuitionl coellicients (D,,) and

hi drodivia mic dImiietis, rd, I arc consistent wvith degree,,
of pos finert lal lott ;1ittd I, vaIlue. D~ecreasing solsattonl
tI bvte hsdceati lowecr (/,, and harmer 0),,
%tis th tetpeh I-II "II oI\ t1tct I I A S AM 5- has decre c ofI

poli %itCI /atlilol Ilmilai lo ATASAMN 101-10 hutl hais I i,. it' ti2 111'.1,

Z"ICal (14 a ld (I" allies\I%-. 1I ir ,;

labtle 2 1 i-t ii wi 1Illl n.!1i(tis scmivrihrllh (ltta for teipoktiti F AMs 5 1 1isp1 \. \\t P'', in A\¶l P

A li I k "I

At 5> \1 I- tit l
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vI'dif sonLJL) cjojy/umis -4,4 t,~ L 1- uLOff-ILA 1(Lt

240 - 'C rrnr.m arid ionic strengt h .lapostbhsiuj
ssas observed for the polymner skrth as, little as 0 5 rol..ý

o 0 5M NOC'
a025M NoCi of cacti charged group and became signilican Miecn
20ýO 1.00 NoC)7m~ol% of each charged monomer vAas incorporated

* ATASAM 5-5 displayed an 80% 'increase in intrinsic
viscosity in I MI NaCI compared to delionizee water

* .- iAt 12 and lniol% I ncorporation of each charged
o0 monomer, the solution hehlas our vkas Complex wsith

to InereaSirngi onic strength. I hese poiknlers %ý cic inisoluble
iZOr ~in deionized waiter bill dissollsed iw 00{§ N1 Na( I

0 Increasing the iontic streni-nli to 0.1 N1 NJ~ I led to
Udec:iease in initrinsic % scositS the te'lih of cimn.ii)",to
~~~0 ~~~~of interntoiccular interaction',. i.e.aCreat'I tl

i ncfea ~eS in) ionic S r nt12)h1 led 10 di'Srulplt tOof t

4.0 ________________ molecular interactions and an inctezase it, nti,
0.00 005 0 1o 0;5 02,0 0.25 0,30 %iscosity.

Poiymer Conc. (d L'

Figure 3 Reduced viscomitics of the ATASAM 10-10 terpolemrrc as at ACKNOWLED(3LMINNFS
function of polymer conceniratiort at xarious ionic strenvihis deicrrn~incd Fnnilspotfo h eateto ntg k
ati a shear rate of 5.96s-' at 25 C The bars retpresent the distribuliote iacanspotf~n11CDprmn o ni h

of the data Office of Naval Research and the Dcfcn'e Ads anceýd
Research Projects Agency is gratefu liv ackno\%fedecd

required to solubilize both terpolymiers. A slightincreadse REFFRIENCES
in the ionic strength initially produces ai decrea'se in
intrinsic viscosity. likel%- dueC to tire elimination Of I Johinson. C 11 P40t It~. 11)" t n' 1 S-d11

intermolecular molecular interactions ss ith increasina Nflsstsipp. 19m5
ionic strength 2.1 As the ionic strength increases futrther- aantcI(Ahn.I.Ri ac

Oeitiscvsoii increase ats intramolecular ink c- \1,:tcrlm j CJU 15 (~'~"5~~

actionis are reduced Zind C1131n msols 1 a 1ini enhan1Mced. -If,? 1 1 '
F~ie u,- 3 displaNs the reduced s scosýits of AlASAMi %I( mlmhi,4Itn.I

It)-10 ats a functiOnl of pokml- ncroncentrlatlio atl three I ;~PN I

ionic stieneth11S. nirile l~ nler~ielioln' exist itl pmi12-".
0.6,3 Mi NaiO aiv, cete h\ the knee uced iscost:Wl- \1, 1111 .1 .,,,i -w. k 1

ties iibove C,(-0.1-'-d1 po~flyief oict a ot . ici~ 1) 'n is I)I

Polymer aggrcetiuon 'ý likel qcurn .itlow salt PolliO I) It o n'!i .. ...I

concentration. In110.25 \1 Nit('Itlerdcd iesic i4,* / 1t0
above C* decrease as, Intermolecular interactions arc C~troi 5 (ti ,l,, inll il 11, 11a C!" 1~5

disrupted. Rernainlitt2 intratolecular itteracliotm in k1d, R kl. 01ilt1'.I . 1, 'N tIdA St

0.25 M NaCI arc eliminated resultin2 in increased I'ubli'iic. I)97. p 292

reduced viscosity at 10 N NaCI. W i lColi inch ( t .i .ttnu , 1 td
2 1. N~S 6

In1: 111 . ( I and ionii l i
21.(,)

CONCLUSION'S I~ Mc:( ormici. C. L mu Sid~,. I J Pfi,.

Synthesis of the ampholytic ATASAM terpolvmers in MC/1.1)rdink i an tiyii'. t '

NaCi solutions allo'sed the incorporation of chartied I. \1i'ii 1, J 4my ( ,.,, %- 194' -1 :-It

monomers in equal airtountS anld in random sequence~s. I Mc'Ai m11k.C I tildt( 11i71 S. .1 Il,/

Molecular wicrisw and I. x alues v'aricd fronm 2178 x 10'' \lt'S. (. 1

to 6.77 x 10"'' inol and 1.311 to ',95 [ml i1no1 P t 'l tnS..
respectively. Solution properties, \%ere 'tudicd as, fuiic- -i\llm't I j,
lions of' tcrpolvmer comnpositio~n as determined b\ t9' AO .21.

POLYMf H, 199?) \/Own- T1 N minh i0 4387
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Water soluble copolymers: 46. Hydrophilic
suiphobetaine copolymers of acrylamide and
3- (2-acrylamido-2-methylpropanedimethyl-
ammonio) -1 -propanesulIphonate

Charles L. McCormick* and Luis C. Salazar
Department of Polymer Science, University of Southern Mississippl. Haiu'esbuirp.
MS 39406-0076. USA
(Received 29 July 1991; accepted 27 October 1991)

The free radical copolymerization of acrylamidle (AMI with 3- (2-act Lint tdo-2 -me h,,I propane-
dimethytvamnmonin )- I -propanesulphonate (A A\ PDA PS) has been studied in) I fe ritnec front 9, ri, 25 ANI
in the feed. Copolyrmer compositions obtained by elemnental anal',st~ and 1V n .ntw r eiciv the 11niir011er
feed concentrations. The v'alure of r~r, has been determined to he 0.60 for the AM -AM PII)A PS pin
Copolymer microstructures. including run numbers and sequence dlist rihutions. Acerc calculated fromt thle
reactivity ratios. Molecular welighis for the series range from 3.0 x 10" to 21.5 Y 10'' g miii '. Second
virial coefficients diecrease from 2.67 to 0.21 nil niol P e. as charge densit-N. increasýes. lmirinsic ic~t
decrease w~ith inereain AM PDAPS content. but increase skt ih incicasm (rrri reera I tie ton Ore rartnge of
254 60 C) and added elecorol ites I NaCI and or CaCl,) 'The 'olitmon hcli.ii n' oi l11k liiiniopii\ mci ol
A NtPt )AP j)5 r independent of pli. The olirened propert ic' a1, ic c n -'lil en kil dw' 11ilvc den i\ ot 1he
pot v mes nmd the ý,kil plohc tai ne ruitciu rc of thec A M PD AII ' inonoiine

iie m ord, cop,1t% Imiir, trev radu(cIts a2 r latilr

INTRO Dt CTI ON SchuLj ('1 00 hose e.'\almilrte thle llia'eC heljI0(l j~ nd
solution properties of the homopol,-n-er of the

Synthetic polvampholytes can be prepared front comria avlbemomr -3slhoop -
zwitterionic monomers which exhibit the requisite net N -iethacro %'lox vet h l-N..N -d ime t It amnron iurn bctaine
chargle of zero at appropriate pH-. The positive chrg is SPEI NeeýItrv'e A, values, were found for the
provided by a quaternary amimonium functionality andthpsie
the negative charge is provided by a poploylat iOrltoso lwincsrncaroxyareor al ues wkcrc found as the ionic strength increased, Hivhlx
suiphonate group (betaine and sulphobetaine). A alternatingL copolymers of N-vrnyllpyrrolidone (NVP I
number of investigations have focused on the unusual wkith SPI which _showed polvainpholv-te bchav iour in
properties of zwitterionic polvatnpholvtes. solution wecre als;o resecarched."

Ladenheirn and MoraWetL reported the reaction \\ielifl stidred rlie o5nte-- nd solution properties
poly I4-virt I pyridine I with ethl vI rontoacetate followed of io it Icrionlic heroline a nd si hitetrti ih nlcr %kith)
by hydroivkst of thle ester Io go e high charge densit% one. tN\o or I hrec 1rer hkterre ruts bciss ceo 1itC kci1rvred
polyampholviesi . Hart and limmnerman prepared groupý!". Va r\x1u dwLCCe (deec iont,',itOn \s etc aehres ed
sulphobetaine poivamipholyies by reacting poV (2- frtecrovacoop y orriit h lI thg
pyridine) with suftones or by polymerizing the sultone PH- va lues thle polymilers belrayed as polvarn1)Pilots reIs wh 1 ie
derivative of 4-vinylpyridine'. Salamnone et al. syn-thesized at1 loss PH vatus polveleetrolyte betray t our wýas
a variety of sulphobetaines based on vinylimid~azole5 . obserxed. It \\as- concluded that strolt9 tntramioleeular

Galin and co-workers conducted an elegant study of coonbcitrtosweetedmiatatrinit
poly (sulphobetaines ) with various structures'--'. They soluhdilry betraviorir of ,svIllittntnic polymner'.
described tire svnthesis of a series of polyatn-pholsies by Pie\ ott.-), rcýc;ireh InI out lohirrororics, locuscd onl
the cuatemniztlion o f v inytoinines with IiI3-propane:,ulto 1e pithinrphol\ te u i-- .ind hc\o Oes;rcrrdb
1tilizinrrt_,he Mark flowink Sakurad reatnhp ite ntroair fclti ittloieoi c
C' Ireriec )f spicitiec dipolatr intrrantsklceiar inlteractin low, ~ li~iiutl .punviil 11a i~rli
bet ween Liteal /ss it terions 55 as csiablishcd. Thre% C' he. lVcdII%, rn~d(~ ei
concluided Omihatin the presence of electrolvites, a retiiuilileW55

polvanipholxie behaved like a randorni coil of mroderatje 11. irii t>i irophoxrl rii
tiexihilirY in) i theriiiidynarn icailv\ %cr poor solsent. iiiO /Siirtii , 1 iiiicilt o (itch \\m'ltkl 11,%c i1111lii

imP~~ i 1 t p Idi PUL.YMIF R. 199",2 Viuhtriws 33,. Nwnthir 21 4617



Water soluble co polymers. 46: C. L. McCofincA an~d L C Salbwoir

copolymers of acryiamide wvith thle ntovel amphoteric J (rc i o y i dc o e if Itt [h11 rxlymeII\ ý%ciC
monomer 3-(2-aicrylamiido- 2-nic~ilpropainedimiethyvl- precipitated it; aCcboti. edi-te III dcionil/cd %katci
arnmonio )-l-pr-opaniesulphoniate (AM PDAPS). then dialy scd using Spectrai Por 4 diajlsis baecs woith

molecular weight cutotis of 12 000 1400 oi mol I. Afier
isolationi by lyophdiatizon the polvimers x% crc stored III

XPEIMETALdesiccattor, With at nit rotten ainmon phere.
Maf terials and mnromuuer stiI/die'xo When more t han 410moI" A StIII)APISwaino

AM PDAPS was synthesized by the ringz openling pira~ted in thle copoMIM hcussi t bTI iot dfissol titoll
reaction of I .3-cyclopropanesultone (PS) with 2- could he achicied in dcwi' i,/ed x\ ;iicr_ I fi(ese *' fdrovcl,'
zacrvlaimido-2-miethrilpropaniediniiet hlainciiii (A NIPDA: ii crc %a.ihcd rpefitcatdliý xiii: dcioiluzcd I,) icr licnox r
Fiqioc 1). 1 .3-Cvclopropaniesultone (Aldrich) w\as used Jill r'emaJI11 ni ' Ali oil 1"IlonIC, aiid then - ophlilted
without further purification. The svotlhesis of' AM PDA ( oilersions x'%cie dcliciniancd 2ia incinrcafllK lo/h- I
has been previousl\ reported by our laboratories"', In a issrato piac ior tile cxipoIin eii/ýitioll (o

typcalmonmersx iheis.0.14 ml A1~D an 0.56 A NI OA PS xx oh AM ind i(he honiopoliruneri/at on of
Inol PS were reacted in 500 til propylene carbonate under AMPIDA PS. It.r DAPS- \I- 100 honlopolrinir N I-i
N, at 55 C for 4 days. During this period the product 3200) cilli (s), C li 3n(1o eml f ill and 29W0 ciii
formed as a white precipitate. This was then filtered and 1 m): C=() 1650cm I ,. S 0 120(1cm 1sf. 'Is pical
washed with diethvl ether until all the propylene copolymer: DAPSANI-75 N\ 1-1 31290 cmn I- C HI
carbonate was remnoved. AMPDAPS (m.p. 220-224'-C) 10-50 cml ,n (1 land 29"' cn e I m I:) (wQ=. 16701 cmi
was obtained in 80% yield. Analysis for C,,H,,N,04 S-S Is) 0 1200jcm I
Calculated: C, 49.29%: H. 8.29%: N. 9.58%/; S. 10.96%.
Found: C. 49.07%ý,: H. 8-27"/: N. 9.56%o/ S. 1I.12%. (phior&~iicit

* I.r.: N -H. 32801 cm - (i); C=C-14 2990 cmn : dEnleentall lnil~scNe for c!t boti. lix dineenI 'Indi nittrooci
*aliphatic C-- H. 2940 cm '; amide C=O, 1660 cm '(s) were conducted h% M-I1- lW f~aboratories W hoenilx. A/

and 1550 cm-'(s) ' S-0, 1200 cm-i(s). onl both thle lowý and Inchl conscrsio i copolr mer snpc
AcryNlamide ( AM: Aldrich) w.as recrystallized twice "C~j n.mir. specctrai of thle )A PSAMN polvnicrs werec

*from acetone and x acuum dried at roomn temperature. Obtained using, 1f\t x' aouoeo if ).()) pol~x met
Potassium persulphate (0. T1. Baker) was recrystallized 'oltitton). with 1)55 't, 0,, referenice The prt'1cdxf lot
twýice from) detonited wI(Tie1r1II Hiaitixl di.nnitth d\il niti coI tpoxit ions ron

Si i1ihci'vis opo/imwrN of A.A-I PD.]PS i/Fii/1 AM I~keCIIJ~ foi ,ill mmittett I' atNaefcrc ohima ned tisi nt
The homo'ipolvmer of AM I)DAPS and the copolvmers; a Pclkin-Elunwi INA `iiisCe;x I l 'pee I op- oom:i!

if AM PDAPIS w~ithf AM Ithle )A PSA\N- series)I were hilcilrx coRinlic .peome ita(Ito it
sy-nthesized by free radical polymecrization in ai t0.5 N-M l \I.\-( lAM MiiLfý (J,," ltclit -.c,itterIn tirnrtfIerti
;\a( , 1 aqueous solu1-tionl under nitrogen at 30 C using Rettacti ~c i nle \ \% isc~ xcrc i xbt atned ;ii It

x¶~igttfiit0.1 mol% pottissmn persillphate as the initiator. The ( hromitiat KMNIX -16 laser xiflicrenti~il refraictometer I-or
feed ratio of AM :AMPDAPS was varied from 99:1 to quasielastic light scatterinu, a Lanple\-lord Model
25:75 mol% with the total monomer concentration held LF 1-04 channel digital correlator was used in conjunction
constant at 0.45 M.ýThe use of0.5 M NaCI as the reaction with the KMX-6. All measýurements were conducted it

medium ensured that polymers with high AMPDAPS 254 C I n I MNI NaCI atI p 1-1f 7 (1.1
content remained homogeneous during polymerization.

In af typical synthecsis. specified quantities of each I i'iox Iles enCJi~iiic/ii'
monomer were dissolved in small volumes of NaCl Stock solution1s Of sodiUmn chloride were prepared hr

4solution. The separate solutions were then combined and dissolvung thc appropriate amnount ofA alt In deionized
diluted to a 01.45 NI monomer concentration. After the ,x.ater in \ohuinetric flsk ols mer stock solutions wekre
p11 wkas adjusted to 7. the reaction mixture was sparged made bdsslitt dc'icaatcd :iniounts of polymier in
wvith nitrocn for 20 nin then initiated with 0.1 mol%4 the stilt sixhut ions.ý 'Ihe j,ýUt otis x' crc thenl dii nied Iox
poutassiumf persulphaic. A lowk conversion sample was, apr0raectIcent;I1i1o4'Ot1ý alho ýmcd i t, a).ce for 2, 3
til\sass anai~ssd to allow reactivity ratio studies. [h le x'.cek', before heine in- \ cx tltl a ( out rises 1.5-30W
reaction was usull\ terminuated at < 30%ý; conversion r heoixucteir. I riplicite sait;ple-, \%ere prepa red of eac:h
due to the high viscosity of the reaction medium and ats concentration to reduce experimnental error I nt rinic

%scositics were evaltiatedl uijnv thle H uggins equation'
The modified Einstein Stiniai eqlutionl xx as uised to

CH 2 =CH calculate the intrins.ic viý ,c oix~tcs for DA PS-kN I-40-3 as a
i function oif tem perilttie-

C.0 NH
NNH

CH - C -C H..G CH3-C--CH 3  R tlS.\\))I S'l\
CH ~ CHI-~~i 0 3 - -H i~i .

.H te I'n x-i- IO 2  1ý: Is i\ )P!(Iý,ý

so3- 1) -\PS-\NI *eisacc hcCMt xsatctete

tx.It~i'X'$ Ra~i xxltwfititc , ii K th esC11tiitn cottIll ,-ii 1\i-it

t-i~~~~~~~~iiiii.~~~~po"m f A 1i C :-- -4ý /- elbxii .. xittixixiixx itl f p~' t it ;i O O it Io/- I I oioix \nlxt-
0--- t fl -ii -in -- it \Mtt).Al~x itiip sitiitis iet dcix:: irc x i font I'( tn iii r
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Watet soluble co polymers. 46 C t McCortmcik and L U, .Salazat

Table I Reaction parameters for the copol> merization of acrvlamnide tAM ji 3- -. o lni 21i)fiucJ1c1i )OOi..

propaniesulphonste (AMPE)APS) ...-.

Reaction A M PI')APS in AM PD~l!)AP ju.
samnple Feed ratio time Conversion C N topoil sniet cou~plyniw
number AM:AfMPDAPS (hi) I% wt%4 ) Ia' jiI 111,V mot, 1,

DAPSAMI1 9911 5.0 28.S1
DAPSAM-5 95:5 5.0 27.4

DAPSAM-10-1 90:10 2.8 12,9 (1 40 04'14:o

DAPSAM-l0-2 90.10 45 22.1 r. Of0

DAPSAM-10-3 90.10 3.0 23.4 100 0
DAPSAM-25-) 75.25 4.5 34 4~ 174 0-1 o (0

DAPSAM-25S2 752?5 23 44.9 41 0~4 11I l 7

DAPSAM-40-1 60:40 2.0 9,2 44 11 107 4Z*I

DAPSAM-4G-2 60.40 4.8 16.7 47 9ý 1017 ~ 11

DAPSAM-40-3 60:40 33 38.2 401( 0
DAPSAM-60-1 40:60 2.0 9.2 44 39 99t u I 57>3
DAF'SAM-60-2 40:60 471 16.7 ý4444 9'1,)I I

DAPSAM-75-1 25:75 3.0 t12.2 44 35 9.19 19 2 *' 1i92 4
D APSAM-75-2 25:75 7.0 24.7 4443 q.7 70 1 2
DAPSAMS-100 0100) 11) 569 - 1

'Determined from elenicritaal d stIs~
'Determined from "C n-m.r.
'Theoretical value

E/ () 1nenilari Ress'" and I\ciet lTiilo< " lilc~iods S

/ ncd to determine: the mionomecr rcdicuit% u ratioý.s
l1 iteinirin Ross, ielliod %i <ledd rcýIttuý It% rdilie ot A %%I

U O a/:nd A \I PD,\ PS ,d w .t 079) And (,Ii 3. III,:
/Kefen Judo"fo ictilied 1CAIke ric~li]%Il% iti~os 01 7 9 '1idk

0 (.75 for rand I-.~ .Iespccn~c ;i'.nd ~ I I I-06 (1 li
t14 / c~experimc n ia daita ind WA ic r~mi odo C011TOrl~ o m I in Qor-
< 60 /0poration with a slight alternat ing tendenc--

To elucidate thc microstructural features of the~se
__ copolymers. the equations of lgaiashi2 ` and P"Nun" -xscr

0/ employed. The fractions of AM .All. AMP'DAPS40 7'AMPDAPIS. and AM AMP1DAPS Units (thlemo
Q ~blockiness, the rnlolN0, alternation, and the mecan sequene

length) in the copolymcf-s \,'.ere calculated from the
0..20reactivity ratios and thle copolvmier compositions I Tihhh20- ~~2). The mean sequnce1C lengths-, of AM and ANIFDAPS

01 reverse in) val ue wh0en tilhe a noirnl (it f AN\fPDA PS inI the
copolymiers increase% from 25 and 40 ol to 60 andj

0 75 molS ý. I his heliakloenr is Inldican'. (if t randomn
0 20 40 60 80 6Q I to ir osltr tIc Ik rTe

Mole Percent AMPDAPS in Feed

Figure 2 Mole percent AM PDA PS incorporated into the copolymers LeoWA qh i0.n'f laser 441 mul/hltc
a-, a function of comonomer feed ratio Weight -aIverage molecular sseiehIlts '.vere dectermind b~

classical low-angle laser li-Oht scattering. Table 3 shoN!s
the data obtained at 25 C in I M NaCI. Thle mole1cular

elemental analysis data. Integration of "3 C carbonyl weighlts vary from 3.0 x 19" to02).5 x )0' g niol - I. For
peaks gave the mol% of AM and AMPDAPS in the polymers prepared uinder similar conditions I initiator
copolymers. which agrees favourably with that dcrived con~centration, reaction) conversion. etc.). the melre
fromn elemental analysis. The copolyrmer compositions as A\I PD1Ai)S In !he fcced. thle lower the m-olecuilar \keiiilp
a function of feed composition for the DAPSAM series e0 tile resulting, polymer ihe simrilar mToIecular %%ecghii.
are show..n in [-*,q,1u- 2. The copolymcril.ation curve oh1)A PSAM NI II) and -25. mdk DII). 'SA NI -01anid 7utl.
follows closely that of anl ideally randoml system enigu assessmentsll ol O ie eflect\ ol cepol\ inlue
represented by thle dashed line. (oriplsltSIi~ut Oil soluttiorl he1t'. jotit

h le second N 1.11I coellwicints I A, I decrease \'% Oh
Rvliirll rel' tio 011id 171ir 105I I'llC I III"-' .511401'S i ncr-cýsilt P AM l'i AIS'S cow'eni InI thle copolx tierIS. A'

Reactivity ratio values for thle AM PDA PS series were shown\I In !-~I r' qrr3 I hisis tile opposite of plol~eleetrols Ic-
determined from monomner feed rati~os and resultant \0'.Lie have increasing .1, sahties wNith increasing chaigc
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Water soluble copolymers. 46: C. L. McCormick anid L. C. Salazar

Table 2 Structuril data calculated for the copolyme~rs of acrylarnide M i(AM I with 3.(2.acrylantido-2-meth: pro~p edýL4irnetltyiiitttintun .).
propanesuiphonate M, (AMPDAPSY'

M, in lBlockiness (niol%) Alternationt Mean sequence lerteth
Sample copolymer..................-.---- (11n01%) - .1 - . -

number trnol%)' M, -M, M, -M.M 4-,NI, , \1.

DAPSAM-10-1 1t 9 7T2 0 t.9 21 9)5
DAI'SAM-25-l 26.1) 510 5.t 410(

t)APSAM-40-l 42 9 304I 14,x4 2

DAPSAMI-60-1 57 9 147 3 45

OAPSANf-75-1 71 9 60 40.- -444

'Determnined with r, Q.79 antd r, (1.75
'Determined from elemental analysis

Table 3 Classical and quasiclastic light bcaticring data for copolynmers ofacrylantide tAM Nki il 3-12-acr) lrniidu-2-tcth% lprowiin:dirrrtethylammunzut-
I -propanesuiphonatie (A M PDA PS)

AMVDAPS in AkA,
Simple copolymer Ix i0o i()to Vt, x 10' D1)
number Itniol%•)' dn idr L ntoVl 'I Frl Mot j! C)IIi I.i~ t

l)APSAN4-1 1 0.1-5 3 26 (7 11t0 4 4

DAISA- 0. 1 1 10 12A4 1.76 1 ti 6o

D)A SAM-10-2 9.6 (1.1 3N5 70 .1 49 4.011,

DAIISAM-10-3 to, 11.1436 21-5 1 69 3.20 1S'

DAPSANI-25-2 27.7 1). 1395 1. .33 197 it5I

l)APSANI-4t.2 359 11 12'-1 f510 " I jVt

l)APS.SM-4o-3 40"l 1). 15 i-1 5 7 3

DAPlSANI-6i-1 is s o 1451) N414 ~ (I >1'.

l)AlSANI-75-1 70 1 0 129~ 02 1 490 10111

l)AtSAM-llttt l100,17 I6

"DIete itiii.d Flomt ecmlerIct.11ai n 'l\ ,t
lDetcrtiwncd (romn nInI

.3.0 less than those of DA PSAI- I which apotme
neutral polyacrylamnide samnple.

D ~Quasielastic light scaittring I q- Is. l dzitla ore prec'ned
2.5 in Tahlc' 3 ;itn(] illustrated in l tnl 4 ;itid i. flhc mtnj:

polymer ditLIlusioncOi'icietns (D. I and diatmelers (d,,) for
CPall copolymer systetms int I %I NatCl shios '.rcfl

2. 0 -dependeic'e onl the degree of polytitert/,anton and otn the
0 wcighit-avcratge niolectthti ihl.As degree of p,+.

E 0 nlert/aliOl mtid nilolectlltr wetelit Incrc'tSe. 1) ohe
-- 1.5 0 dcereat'-eod, incrcate . h scllt ilthe datla is.o&f t.ttii C

0;t contclttstoti cleatlly suipoltietl ht. 41 .te

0 Dihim, w0,/ti Hilt / tit/t 1
x 0.5Effctt o c4 opoitl)t'/* copsmm The effeci o

1. { APSAM copolymers (Tab/c, 2) in 0.514 1%1 NjtU ,tle

I towkn in l*:j~,,1wc6. Thle decrease tn the intrinsic s isCos0'ti
110 40t(. l to decreaSes t ntoleat 110etI1 \\CI &sssc

210 40 60 80\'nc col' The 'lsneo teN\ 1it i

AM APDAPS in7 C opoly me r (I-Tt 1%)liottl ~l noeoi neat~n "h~ ~lIt

i' ( whtich ha t milar tnwl(cttlatr indch ,tdcviks't -( r

pttlvltlel 1/,tltoll 115 nceaitsne IIi) ' ctc
(elletisI. InI deiorltcd sv~iler. eopolxttter's V. tlt Comli- (erss Ite tepeelIte tnInNtrtt. -c'e~Slt
po-Itlioltt grc~tler th~in 401 ntl A N NI l)A PS it(, post t~led Iltese ItIct tel, Io o hc hi-ed on le. 'IC .

insoluble. Soltithilm is ý ýis hieved in) ',he p)resence of ilrcin het stee oppo'.ttl chat ,cc- of d heire);
clectrolvtes: hloxvetr. esen in I \1 Nai~l. Al 1 allies ;lie 1tlpoclite lits', One Iniloehi -steI ýH(lt el~tkiI I,,
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Water soluble copolymers. 46 C L. McCormick and L C Saiazat

8- The initial decreases in intrinsic f isCi [or
a DAPSAM-10 and DAPSAM-25 are due to the

elimination of intermolecular interactions with increasing
ionic strength. This behaviour has been observed with
other polyampholyte systems'.'.t ' DAPSAM-40.

6- which possesses a higher charge density, experiences a
disruption of intramolecular interactions \ ith increasin,,,

) •ionic strength. In all cases the intrinsic iscostU,- inmcrea,cSsign ificantly.

E 4- Fgiure 8 demonstrates the eticct, of .ddig the
Q divalent salt calcium chloride to ,olutwil, of the

DAPSAM copolyniers and the AM PI)APS hoiopo, Tner.
SDAPSAM -60. -70. and the AM PDAPS homopofl\met

are insoluble up to a critical concen itration.

x 2. A number of studies by other rc,carch -roup, hac
attempted to find ecidence for (tic eC,[,:rtcc of

oo

o 5 10 15 20 25 1900 a
DP x 1i 4

13 
b 155o-

U)1200-

C14

E
000

- I
x2. 500

0 5 10 15 20 25
5' DP x 10-'

0'
0 5 10 15 20 25 1900-

Mw x 10 (g/mol)

Figure 4 Dependence of (he diffusion coetlicient (I0,1 on (a) degree "
of polymerization and (ih molecular "ceight of the D)APSAM
copolytners (determined b% qt, )ii M NA] ai 25 C .- ,1.550

be especially strong as microheterogencous associations
lead to local decreases in dielectric constant of the V) 1200
domains.

C.

Effects of akdded electrol'tes. The effects of sodium
chloride on the intrinsic viscosities of the DAPSAM o
copolymers and the AMPDAPS homopolytner were -0 850. -
determined at a -hear rate of 1.75 s as shown in Figure
7. The polymer solutions show incrcasiae intrinsic
Viscosities as the am VI)Ount ofsalt in the solutions .,increas.
Sonic of the poly.mers 'o not dissolvc unles, sail 500 - -5 ..
is present. DAPSAM-60 and DAIPSAM-75 require - !5 2( :;
0.0428 M NaCI. and DAPSAM-O tnceds 10.257 M Na(!l X rn, U,
for dissolution. Attempts to rcmove the sdl from the
polyrners hy dialvis result in phlase sepmarit on of the ot kr,. 5' 'ut) c id (1 , 1T .,L p I , ,
polymers from sotltion. I M \.1 Is s )
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-VICJUIiUu ;polyllers. 4b: .- L McCormick and L, C. Salazar

l6~ study, however, a simple approach was utilized to assess
the presence of hydrophobic domains in the DAPSAM
polymers. Urea is a water structure breaker which

to solubilizes certain molecules by disrupting hydrophobic
:ý12- domains. It follows that if hydrolphobic domains exist

V o within polyampholytes. the presence of urea. should alter
solution behaviour.

0 Solutions of the copolymers DAPSAM-l0-3 and
0 DAPSAM-40-3 were studied in deionized výater. I MI

0 8-NaCI, 1 M urea, and a mixture of I NM NaCI and 1 \4
0 urea. Figures 9 and It)' shots the reduced viscositt for

> -each copolyrner as a function of poly'mer concentration.
C For each copolymer, the solution in deionized \kater has

'14-
q- - oa c,0 DAPSAM - 10

________________q o~ -an a DAPSAM - 25

00 20 40 60 so 100 o-i2 -ooDAPSAM - 40
Mole Percent AMPDAPS in Copolymer ~ OOOASM-6

*****~ DAPSAM - 75

Figure 6 Intrinsic viscosity of DAPSAM copotvmners as a function of 10*,P ~oo DAPSAM - 100
AMPDAPS incorporated (determined int 0514 NI NaCt al a shear rate.1 of t.25 s)

*18- 6

Q0DAPSAM- 10
2UCLIZDDAPSAM-25 7

AtAcADAPSAM-40Q)4

15 040.0 DAPSAM-60
r==PDAPSAMA-75

* - +i~i+DAPSAM -10 Q:$2

12

.. I . . .

U) 0.00 0.25 050 0.75 .. 00, 1 2 5

C) CaC12  (moles/L)
Figurc 8 Reduced vtscos~y o( DAPSAM copotytiters a' a fU11ction o(I

* ~ ~ 6 CaCt, concentration (determined at 25 (C m a hrraeoI

.3 120-

I I I INj 1 0 0

0.00 0.10 0.20 0,30 0.40 0.50 0.60 70

Ionic Strength (mole/L) 0
Figure 7 Depenidence of the mttrtttsc %txco..itv of DAI'SA NI

coo ne. nNA-)itonic strengltti deiertnittd .tt 2S ~ i C at sheair rate' 0

of 1,75,

hydrophobic domains within polyam pholyvies. For -o 4 0-
sulphobetaine and betaine polyampholvtes. it is con- (316
ceivable that intranter and intramolecular charge-charge I
associations may lecad to such domains. Zheng et al. 20
utilized reporter anionic probes to find a polvampholytic l•
environmnent with the same relative Ihv drophohicitv of
mrethanol., Wielnia was unsuccssful ill LislO,_ fltiorescent -- -

labels ott po] u lphohetai tes to relate macroscoplic 0.00 0.05 10t 1

behaviour, such a% increase,, in S01lutio01 Viscosh. to C opoiy ri ir . o C

changes in the microenvironnlcnt along the polvam-pholyte 9(htesi eto ~ < . OAN

ba k o eof 'olerit 11ec2itei, ?S i j'' ,[c )1 r41
Our rcscarch croup is currently actiis iln decncltping Dciotted \\,11cN, . t I. A 1o 51 \ %I

fluorescent probe atd label kedhnoioe\ %` I-or tilts UTC;1
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Water soluble copolymers. 46. C. L McCormicA and L C. Salazar

25- the carboxylate ion and a corresponding increase in
viscosity is observed for the polymer in deionized water.
The presence of salt negates the polyclectrolyte effect and
"disrupts zwitterionic intramolecular interactions. The__1 20-

20 solution viscosities of the DAPSAM-100 homopolymer
are independent of pH in 0.512 M NaCI. Resistance
of the AMPDAPS monomer to hydrolysis is due to

t-. 15 the presence of peminal methyl groups next to the

0 0 amide functionality. This protecting group has been

U 0 used in other hIvdrolviicallv stable monomers such
as sodium 2-acrvlamido- 2-mcthylpropanesulphonate

> 104 IA (NaAM PS)2" and sodium 3-acrviamido-3-methVl-
A o butanoate (NaAMB t"

U 0SA z• A 0

"D o0 0
00

12-
O 10'

0.00 0.05 0.10 0.15 0.20 0.25 0.30 --

Copolymer Conc. (g/dL)

Figure tO Changes in reduced % iscosily of t)APSAM-40 as a function
of solveni tdetertnined at 25 C with a shear rate of 5.96 S-, ). 0. "J
Deionized water; E, I M NaCI: L. I M urea; 0. I M NaCI + I M
urea

the lowest viscosity. The addition of I M urea increases U I
reduced viscosity by onih' a .miall anount relative to that >
produced by the addition of I M NaCI. The combiiation 6-
of NaCI and urea yields the same viscosity increase as
that attained by I NI NaCI alone. As a reference,
homopolvacrylamide solution shows no change in "
viscosity in the presence of salt or urea. The slight increase
in reduced viscosity for both DAPSAM-10-3 and 4
DAPSAM-40-3 in the prescace of urea is most likely due 10 20 30 40 50 60 70

to enhanced hydrogen bonding between the polymers Temperoture (°C
and the solvent. The major effect dominating rheological
behaviour appears to be charge screening upon addition Figure of t ic pIAPSAMu-4i,- iopoknicr it,, IS~~~funtl~ionl of teipelrratuire (dtcrmirM n ei m/cd~tlW. %%atr ,11 it •,ticm rate

of NaCl. yielding better solvated chains. Transition from of 5.96., '1
dilute to semidilute behaviour is more readily observed
for the DAPSAM-10-3 sample which is initially less
compact than DAPSAM-40-3. 35

Elffcits of tIemlpralure. Intrinsic viscosities for
DAPSAM-40-3 increase with increasing temperature 30
(Figure I I). The copolymer was tested in deionized water J
in the ranee 25 60 C. Most neutral polymers and
polvelectrohxtes exhibit reductions in viscosity as a 0
function of increasing temperature. In dcionizcd water
this betaine exists in a compact conformation as .) 20-
evidenced by second virial coefficients and viscosity data.
Temperature increases obviously allow accessibility to U j
more extended conformations and better solvation. U) --- o

Copolymers which were insoluble in deionized water,
however, could not be solubilized by the application of " to-_ ...

heat, apparently as a remilt of strong intramolecular ionic 4 -

etfects. Inte estingly. the DAPSAM copolymers are --

phase stable to I(100 ( in the presence of added
clectrntk (e,

------------------- -- --------......---- -- •-" ...-----...

tfie.\r ofl /)1/. Although acry arnidc can be used as a 2 4 F "

comonomer to obtain er\ high molecular \v.eights. AI{
hydrul;,•is can be problemi:tic, I'4qn-c 12 shows thue effcr1,
of4pll on DAIASAM-25 in diconized ý.atcr and in 0.512 MN 1tc.i c . . - \ ,' .

Na(7. At high pi the O tcrx laImmidc L1lnit is hydro.vsed to 1a• of i
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Water soluble copolymers. 46: C, L. McCormick and L. C. Salazar

CONCLUSIONS : mine J ( Volkscr\' Israei. S (. Oh, A P wrid

Raia, I). C Prolhmr 1977. 18. 1055
The new sulphobetaine monomer 3-(2-acrylamido-2- 4 Monroy Soto, V. M and Gairn. J. C. Porlvier 191,4.25, 121
methylpropanedimethylammonio)-I-propanesulphonate 5 Monroy Soto. V. M. and Gairn. J. C. Poljtier 1954. 25, 254

(AMPDAPS) has been synthesized and incorporated 6 Galin, M , Marchal, E., Mathis. A., Meurer, B., Monroy Sowe,

into a series of copolymers (the DAPSAM series) with ~ V. M. and Galin. J. C. PFillvir 1987, 28, 1937
7 Zhcng, Y. L.. Knocscl, R. and Galin, J. C. Polim'r 19.,7.28.2297

AM as the comonomer. The polymers were examined s Schulz, D. N.- Pcriffr. D G- Aearval. P K Larahec. I
by 13C n.m.r., FTi.r.. elemental analysis and low angle Kalada,. J J.. Soni. Lar~d,,,rkcr. B, .. 2.. LR 7

laser light scattering. Elemental analysis data from low PI,,iiye," 19, 7.27. i'34

conversion samples gave rr, = 0.60 for the AM- 9 Schulz. D N.. Kiitn, K .Danik. J A ard K~rlda.J J Pim..;
,'•l•a.' S 1 .n,q I'l'T 1417. 1-49

AM PDAPS monomer pair. Copolymer microstructures W.4riha T S i ) I) -.-r Ion. tintici ,lr .,f (,r,1: nr,. 147, 1

were statistically determined from reactivity ratios and I MCfrmc. - I. C L .11h1,1,,,. C" 11 h,, CB ,,,...,., ,I.,. I.
found to be random with a slight alternating tendency. 21. 6S6
Weight-average molecular weights in the range of 12 Mc(orrick_ C. L .id .h~ln,,m. C" . .1,r,,,;,., , , 1,S• 21. 69-1
3.0 x 10' to 21.5 x 106 g mol-' have been determined 13 M.C('. l cki('.it d Jfhn'.,on (' 13 Pli,,,nrw990.31.1100
for the polymers. Second virial coefficients were found i4 M4cCormick. L, t_ and Johinlon. (C Bi *'lmi,,n", S, i. ( hent
to decrease in value as the zwitterion content of the 1990. A27 (S 539)
copolymers increased. I5 Salazar.L. _C Phi) t)i',seriaiion. UniJncrli of( Soulhcrn

Increasing concentrations of AMPDAPS decrease the M isi. [L.116 Mc('ormjik. C L..S!•a L. C. and Kathmann, E. F- IAm
intrinsic viscosities of the copolymers. Copolymers C6,,. Sic. l'.dri, I'pr. 1991.32111,98

containing more than 40 mol% AMPDAPS are insoluble 17 McCormick. C L and Salarar. L. C. Am. (Chew S,,.. Soap

in deionized water but readily dissolve in the presence of .er 1991. 467. 119)
NaCI. The copolymers display increased viscosity upon Pt erc(r 19lNck. 0 I_. and 1 l...,. L (",44 t i..',. 5,,," Polo¢:

addition of NaCI and CaC1, intramolecular interactions 19 I',,rir 19L9. 3 a1 c2 .344: -19 Mc(ormick." C a rd lBlac kmi .',K . P. P,,t i,'r I .',s,. 27. 1971

are responsible for this ellet. Intrinsic viscosities increase 20 McCAorrik." I. and ititchmson,B H' 1 I,.lonc .rlqS 27. 62'
in the temperature range 25-60"C. 21 Huggas. M. L .1 Av.. (s'h,, S.... 19412. 64' 271I

22 Salamoie. j. (.. r,;i ( C. Ol.cii. A. P and .\ %,:cron. A C
i. Ad ,irnces in ihic ( hlicnt ic l Scie. ic ', lor i', Porr t. n r,'. $ Vol

ACK NOWLEDGEME'NTS I57. ADi(can ( hcurs..l S,.'cq. axlm.alra. 1)( 19.C. "7
73 I icircor. \1 ald Ho,' . S / f'.,P;,, ., S 1954!., Z. I ;)

Financial support for portion1s of this I.-eaic'l from the -1 Kelen.1 anrd I do,, I J.f.;, S,,':., S (/;,, , I

Department of Ern•er . the Oflicc of Naval Research. and 2ý Ig;',l.i. S S. I',, 5. v. L ett; I. lii I.; I'd'i 1. 3",

the Defense Advanced Research Project Agency is 26, IPyun. C \ I IJdii S, 19"01 AA2 1, 1. 1i 1
,gratefullv ack nowledecd . 2 ('luk. 1. C. Phi) )S,,ia,;';i cror. ,

2." IYtc}L. S A lhi) 1 •),c . rrlmcr,,Cx .
REFIRENCE-S \l¶isisNippi. I11),

29 Me(.ir'lnck. C. I. rid (hcr; ( S S .I P. ,'! ii S..P-i m i h -;
I Ladenheini. 11. a .'d \1 ormk ezI. i. J. P y on. Sr, 1957. 26( 113 .- dn I 19S2. 21. K 17

251 31 McCormick. C. L. and tlack nion. K P. J. I,dim; S, i.. P.1!t,'
2 Hari. R. and Timmerman.. Pot iyin. Sri. 1958. 28(118). 638 Che.' i-d 1986. 24. 2635

4624 POLYMFR, 1992, Volume 33, Number 21



SE1CURITY (LASSIII(AIIUN U: 11I1 PA(i

REPORT DOCUMENTATION PAGE

Ia. REPORT SECURITY CLASSIFICATION lb RESTRICTIVE MARKINGS

NONE NONE
"2a, SECURITY CLASSIFICATION AUTHORITY .3 DISTRIBUTION'/AVAILABILITY OF REPORT

NONE
2b. DECLASSIFICATION I DOWNGRADING SCHEDULE UNL IMI TED

NONE
4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REP(utd NUMBER(S)

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME Of MONITORING ORGANIZATION

University of Southern (if applicable)

Mississippi I Office of Naval Research
6C_ ADDRESS (Cit, State, and ZIPCode ' 7b. ADDRESS (City, State, dnd ZIP Code)

University of Southern Mississippi
Palymer Scienqe Department 800 North Quincy Avenue
Sou hern Station Box 10076
Hattiesburg, MS 39406-0076 Arlington, VA 22217

Ba. NAME OF FUNDING /SPONSORING Bb. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (if applicable)

Office of Naval Research I

8c ADDRESSCiry State, and 21P Code) 10 SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK U1•tT
800 N. Quincy Avenue ELEMENT NO. NO. NO ACCESSIN 1 t1O
Arlington , VA 22217

11 TITLE (incJlu• e Security Classification)

"Water Soluble Copolymers. XLII. Cationic Polyelectrolytes of Acrylamide and 2-Acrylamido-2-

12. PERSONAL AUTHOR(S)

0 T M1u'rwrniPlk nnrl 1. - Rn• ,r..

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year,Month, Day) 1S PAGE COUNT

Journal Article FROM TO - I
16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse ,f necessary and identify by block number)

FIELD GROUP SUB-GROUP

19. ABSTRACT (Continue on reverse if necessary and identrfy by block number)

20OT~fiiJTiC, /AV/ILAII TY OF ABSTRACT 121. ABISTkrAC1 týU.UMJY (LASSIIICA1ý(jN
[W tarU-~-Sr !,O!tI.lj [A)L SAME Al,S iPT w. ýJ)i-!'S R"I• 2

1 4-I /? NA E (I &1(P5IIt Du~U L2t -IP1~I f I II i A i fD!J i i MII i DI I $ M S P IIt r 22 01 I i III3C

DO FOFtR M 147-3 ,•i^ AP 8R AP etd,t,on w.y be usd urmtd I h.3ustid SI !PITY C(I A ,(t.Týr , (fT Ti-V ,
, f'.! !At ", f ,' t,, r' , ,! P ,! :,) , tl.-



Water-Soluble Copolymers. XLII. Cationic Polyelectrolytes
of Acrylamide and 2-Acrylamido-2-
methylpropanetrimethylammonium Chloride

CHARLES 1. MCCORMICK* and LUIS C. SALAZAR

University of Southern Mississippi, Department of Polymer Science, Hattiesburg, Mississippi 394()()-()()7

SYNOPSIS

The new monomer 2-acrylamido-2- methylpropanetrimethylammonium chloride (AMP1-
TAG, M2) has been synthesized. Free radical copolymerization with acrylamide (AM, MI)
in feed ratios vrrying from 10 to 50 mnol % AMPTAC gave the cationic ATAM series-
Copolymer compositions were determined from '3C-NMR. The reactivity ratio product rlr2,
was found to be 0.62. Molecular weights varied from 1.4 to 16.5 X 10'~ g/mol for tile co-
polymers. Turbidimetric studies showed aqueous solutions of the copolymers to he phafze
stable in the presence of CaCI2 and Na2COI up to 100'C. Solution behavior was independent
oFpH in the range of 3 to 1 1, and temperature in the range of 2.5 to 60'C. intrinsic vic osit ies,

of the cationic copolymers decreased with the addition of electrolytes; however, sonle samiples
showed curvature in plots of' intrinsic viscosity versus the inverse square root of ionic:

strength. c 199:1 John Wiley & Soitis. Inc,
Keywords: polvelectrolve -polvcation -acrylainide -wafer soluble -phase slabiil.,

INTRODUCTION an acrylamido functionality which readily polymer-
izes in aqueous solution.

Acrylamide based polyelectrolytes are of increasing Copolyrmers of this new monomer with acrvlamide
interest for .wtde vartety of industrial applications. (the ATAM series) have been synthesized with a
Several examples of the uses of cationic polymers variety of compositions. Experiments were con-
are in such areas as paper products, flocculation, ducted to determine reactivity ratios which were (in
film coatings, and memnbranes)' Polymers contain- turn) used to statistically elucidate the microstruc-

ing the cationic rnonorner 2-acrylamido-2-methyl- tr ftecplres iueslto icst e
propanedimethylammonium hydrochloride (AMP- havior was examined a-, a function of composition.
DAC) have been studied in our laboratories by pH, temperature, and added electrolytes- Phase be-
McCormick et al.'- 7 Depending on pH and local mi- havior was also studied a-, a function of added elec-
crostructure the number of protonated and free trolytes.
amine units varied under different solvation con-
ditions. The new monomer 2-acrylamido-2-meth-
ylpropanetrimethylamrnonium chloride (AMPTAC, EXPERI MENTAL
M 2 ) has been synthesized which features a quater- MaeilanMo mrSytss
nized arnmonium moiety stabilized from hydrolysis MaeasanMomrSytsi
by a gem-dimethyl group-', The monomer posses The synthesis of 2-acrylamido- 2- met hyipropanet ri -

rnetlivlami-onium chloride ;AN1PTA( ) in'.oh-ed
amultistep procedure (Fig. I) . In thfl first

To whom all corresponiknce should h euddressed. stp2.arlmd-- hvpo 1eimthlmn

.)'rmiufPi~'u~r&5, ,.Par A 11sn, v.51I ~014199:1 (oAM1PDA) was synthesized using the procedtire of

1993'M' Q4 Xji:i hi, Sn.in ]5ieiX'O(Yi 06 McCormick and 11!ackinkin. iý his, preecor.-or was

1099



1 100 MCACORNIICK AND) SALAZAR

further reacted with methvl iodide and then ion- Synthesiis of Copolymers of 2-Acrylamido-2-
exchanged to yield the product AMPTAC. methylpropanetrimethylammoriium Chloride

Acryloyl chloride obtained from Aldrich and 1- with Acrylamide
dimethylamino-2-amino-2-methylpropane supplied Th AMsreof(;plvwwasntsid
by Angus were used without further purification. A Th feeAA 5r radca ('opynrzton ofr w-cras rltnize
typical synthesis involved the dissolution of 0.5 mol q- re atia poyeiaton in' ch2-rlornide-
of diamine precursor in 400 ml, of tetrahydrofuran 2(A\1hl'rA( a wit arvlmde(A I n q>s

(THF) in a 1000 mL flask equipped with a nme- A TC wtacvamd(M)i.nquoss-

chanical stirrer and an addition funnel. After cooling lution at.300 C u,.ing 0-I mol "(* po0tasilum1 [AerSuhia-'

the reaction mixture to 5-I00 C, 0.5 rnol of acryloyl as; the initiator. 'I'll( feed rat Io of AM :AMPlTAC

chloride were added dropwise over a period of 1-1.5 was varied from 90 :10 to 50 :50 with the total
h. O copleionof te aditonthe eacionwas monomer concent .ration held conlstant at 0.146Af
h. O copleionof te aditonthe eacionwas In a typical synthesis, separate sollutions with

allowed to proceed for another 5 h at room temper- specific concentrations of each monomerv were comn-
ature. The product AMPDAC, a white precipitate, bined. The pH was adjusted to 7 anid the reaction
was filtered and dried under vacuum; THF was
completely removed to avoid complications in the mixture was transferred to a 1000 ml, three-necked

nextste. Th crde APDA wasdisolve in flask equipped with a mechanical stirrer, nitrogen

deionized water and the pH adjusted to 12-13 by inlet, and a gas bubbler, The iniixtuire w-as placed inl

the addition of concentrated NaOH. Extraction with a 30'C water bath, sparged with nitrogen for 20 min.

chloroform, followed by concentration, provided the then initiated with 0.1 ci, 0~ of potassiumy p Irs .ul-

uncharged precursor AMPDA. For purification, fate. The reaction was terminated by precipitating

AMPDA was recrystallized twice using a chloro- tin he polymer s wihaeoe w ls ta ý1 ov
form/petroleumion ethe solvenrs swtm ueAPA- ere puirified by di;!11s;1 in
for/ ptroeumeter olvnt ysem.Pur AMDA Spectra / Po 4d dalysis: bags wilh mob-ciilaireih

was then reacted with a 10-fold excess of methyl cutoffs, of 12,000' - 14J,001) D111. Atfler ioainb '
iodide in diethyl ether. Typically methyl iodide (2.5
mol ) from Aldrich was added to 0.25 mol AMPDA ophilization, the, copolvinlers wvere, store-d in dfeso

in 200 mill of diethyl ether. The reaction was allowed cators under nit rogýtn

to refiux with stirring for 20 h. This initial reaction I46-29 cmnoo . II.er 2047 I02 cmý N - t 1ra

gave the quaternarized monomer precursor 2-acry- 1465829 cm n (s, 5 cut ml Nf --111- 2("1 93i Cm0

lamido-2-methylpropanetrimethylammnonium iodide 168m1(s,,42cnI i)N*-R,9"1ci .
(AMPAI)as n of-witepreipiate Afer so- Typical copolyiner: ATA NI-5O. N H broad',:2422
(AMTAI asan ffwhie peciitte.Aftr io- cn t , C-H 20(38-29,34cm ', C crQ166(3cm 1(:-),

lation by filtration, the precipitate was purified by 154 cmIi) -- 4 95c
two recrystallizations employing a 2-propanol/di- 1542-NMR: hoo(lm);. ANAM-1,.9(75::O.

ethyl ether solvent system. . 18. pm;: chainooynr CH, 7i p m; cai0. (44--.6

The iodide ionv was then ion-exchanged using 188pm hi H1:73[[i;canC,4.

Dowex f~l- resin to obtain the desired AMPTAC. ppm; CH 2 -N', 73.0 lpm:i C. 96.8 ppm-; gem CHt.

Usually the monomer AMPTAC was not isolated 30. pmN'-H,579ppm.

but used in solution obtained directly from th Ie ion- ooye haatrzto
exchange column. The quantitative conversion of CplmrCaatrzto
AMPTAT to AMPTAC allowed the concentration Copolvmer composit ion- weýre deterinined fron ý'U
of AMPTAC to he determined fromn the amount of NMR by the integration ofi wrylanildo carhoinvi
AMPTAI used and the amount of solution (water/ peaks.") '3C-NMR spectra were obtaine~d using lo
monomer) collected. If isolation was required, a di- wt/wt % aqueous (D.20) polymner solujtions with
lute solution of the ion-exchange eluent could be DSS as the reference. FT-IR spectra were obtained
lyophilized to yield AMPTAC. Isolation was avoided using a Perkin-Elmer 1600 Series FT-IR spectre-
if possible due to the occurrence of autopolymeri- photometer. Molecu~lar weight studies were per-
zation during lyophilization and the very hygro- formed on a Chromatix NNIX.6 low angle laser light
scopic nature of AMPTAC. -scattering instrument, Recract ive index nrnns

Acrylamide (AM) from Aldrich was recrystallized were obtained u.;ingn a romat i) KNM\- I16 ia-etr dd -
tw&ice from an acetone/ petroleum ether solvent. svs- ferential refract onmete ~r- F~rpi>'a K (;ta
temn and vacuum-dried at room temperature prior teringa La .iglesv-lord N (id(-l 1,F 6~-4 chaine- digital
to use. Potassiuim persulfate from J1. T. Baker was correlator was used in conluinction wit I the. 1KNIX-
recrystallized twice from (Icionized water prior 63. All ineastirem(-nts 5 wE-re conduit ed at 2F C u;- 1 Al
to 11sQ. Nd



c$ 2 =CH(YBL

NH 2  C~Ci1within 0.2'C. A decrease in photoelectric currentýH2 c=O
CH2=9H CH 3-CH_ ___I caused by a decrease in the transmittance of light

H2CH3-ý-CH 3  CN3-6-CH13  was used to identifv the onset of polymer precipi-
CH3 N CH3CH2 tation. The cloud point (critical temperature) could

tH A H be assessed with an accuracy of o.5'C.

AMPOAC AMPflA

C142=H CH2 =CH RESULTS AND DISCUSSION
C=O C=ro

AMMPA CH~IPH NH CH THhle synthsi rFig. 1)of tre newv monomer 2-ac
CH3 -C-C H C 3-C-CH 3
ýH2  Nrylamido - 2 - rnethv,,lpropanetrimctlhylanmmoniuni

CH3-N"CH3  CH3 -N'-CH 3  chloride (AMPTAC) has allowed the preparation
CH3  C4 C! of a series of cationic polyclectrolytes (the ATAM

AMIrMl AMPrAC

Figuel.Mulistp snthsisof he atinicmonmer series). These copolymers are analogou~s to the pre-c
Figure 1.multis-mteyprpsytesriso thecatincmonoume viously studied copolvmers (the ADAM series) of

2-chlride AMid-2mthlroaetim lmonu acrylamide with 2-acrylamido-2 -metliylpropane-
chlorde (APTAC)dimet hylammonium hydrochloride (',.MPDAC).

Quaternization of the cat ionic moiety by a fourth

Viscosity Measurements alkyl group yields a monomer which is pH stable in
aqueous solution. The effect of this added methyl

Stock solutions of sodium chloride (0.042, 0.086, substituent on copolymerization behavior was stud-
0.257. and 0.514 M NaCI) were prepared by dissolv- ied by examining the mnicrostructure of the copoly-
ing the appropriate amount of salt in deionized water mers using reactivitv ratios to calculate monomer
in volumetric flasks. Polymer stock solutions were sequence distributions. Changes in polyrner-solvent
then made by dissolving the appropriate amount of interaction were assessed b)y studying the dilute so-
polymer in these solutions. The solutions were then lotion properties andl the phase behavior of the co-

diluted to final concentrations and allowed to age polymers as a funct ion of composit11ion, pH, temrper-
for 2-3 weeks before being analyzed with a Contraves attire and added k ectrolvles.
LS-30 rheometer.

Compositional Analysis
Turbidimetry The ATAM copolymers were synthesized by varying

A phototurbidi meter was employed for measuring the feed ratios of AM : AMPTAC from 90: 10 to 50
the critical phase separation temperature of the : 50 mol %. Structural characterization was achieved
polymers. Polymer solutions with concentrations of by integration of the '3 C-NMR amide carbonyl
0.20 g/dL in various solvents were stirred by a mag- peaks. Reaction parameters ar'd the resulting comn-
netic stirrer, and heated slowly at a rate not ex- positions for the ATAM series are given in Table 1.
ceeding 3'C /min by an air heating system. A ther- The reactions were uisuallv terminated at < 50%
mometer was used to monitor the temperature to conversion due to high viscositY of the reaction me-

Table I. Reaction Parameters for the Copolymerization of Acrylamid(, IAMXI wih

2-Acrylamido-2-rnethylpropanetrimethylammoniuim Chloride (A MPTACI

Reaction AMPTAC in
Sample Feed Ratio Time Conversion Copolymer'
Number AM : AMPTAC (h) (no trn

ATAMv-9 9] :1 3J) 10.8 9 W6i

ATANT-20 80) 20 i,. 20.,5 2t, '2
ATA M ",() 71)0 3(1 6.4 45.9 1' 6

/<lAM-5l 5 () 5 0 623. 1 0 2

A'VA M,100) 0) 100 24 lsIi

I ~ommedt~!'T~ ( NIt.R
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to 100 monium hydrochloride monomer. Alternatively the
_,- additional hydrophobicity of AMPTAC may play a

role in collision frequency during polymerization.
• ," Microstructural information was obtained statis-

tically using the equations of lgarashi "2 and Pvun "
E 60 and is presented in Table 11. The fractions of AM-
_ AM, AMPTAC-AMPTAC, and AM-AM PTAC

S- 40 ' units in the copolymers and the mean sequenc(
- , "length of the monomers in each copolyrner were cal-

) 20- culated from reactivity ratio data. The data are in-
-, dicative of random monomer sequencing. For the

: - ) ADAM copolymer with composition similar to
0 20 40 ,-,, ISO 00 ,ATAM-50, the mole percent alternation was 25%,AMPTAC in Feed (mole higher while the mean sequence length of the cat-

Figure 2. Mole percent AMPTAC incorporated into ionic monomer was 24% less. This information is
the copolymers as a function of comonomer feed ratio. in accord with the reactivity ratios and the data of
The dashed line repr'-sents ideal random incorporation. Figure 2.

dium and as a precaution against compositional Light Scattering Studies
drift. Copolymer compositions as a function of feed
composition are shown in Figure 2. The data lie close Classical and quasielastic light scattering data for
to the dashed line which represents completely ran- the ATAM series are presented in Table Ill. With
dom incorporation. the exception of ATAM-50. the copolymers have a

narrow range of molecular weights ranging from 1.5

Reactivity Ratio and Microstructure Studies x 101 g/mol for the homopolymer ATAI-100 to
4.0 X 10"' g/mol for ATAM-2(v. The values deter-

The feed ratios and the resultant copolymer com- mined for the high molecular weight of ATAM-50
positions were used to calculate reactivity ratios for were reproducible ut, may he Ihe result of polymer
the AM : AMPTAC pair. A linear least-squares chains remaining entangled after dissolution.
evaluation of the high conversion method of Kelen Weight-average molecular weights determined by
et al. yielded values with 95% confidence." AM (M,) classical light scattering are skewed in favor of large
and AMPTAC (M 2 ) comonomers gave reactivity molecules (or aggregates). Quasielastic light scat-
ratios ri = 0.95 ± 0.03 and r 2 = 0.66 ± 0.08 (rjr 2  tering is not as sensitive to the presence of large
= 0.62). This indicates a more random incorporation molecules (or aggregates). Hence the diffusion coef-
than the AM: AMPDAC monomer pair which had ficient data and the average diameters do not reflect
rr2 = 0.19.2 This increased randomness may signify a significant deviation in size from the other copol-
that the quaternary ammonium moiety forms a ymers for ATAM-50. The second virial coefficients
tighter ion pair with the chloride counter ion and indicate increasing polymer/solvent interactions as
therefore is not as electrostatically active as the am- the amount of AMPTAC in the polymers increased.

Table II. Structural Data for the Copolymers of Acrylamide (M,) with
2-Acrylamido-2-methylpropanetrimethylammonium Chloride (M 2)

Alternation Mean Sequence
AMPTAC in Blockiness (mol %) (mol %) length

Sample Copolymer'
Ntimber (ool %) M1-M1  M,- NM1, MI M M

ATAM-! 9.0 2 8 o. 17.1 I . .i
ATAM-20 22.0 6:3.7 2.8 8, 4.8 1.2
ATAM-30 32.3 49,8 11.8l 4 4 8.2 1.:,
ATAM-50 49.0 26.3 18.8 55.1 2(0 1.7

"l)~elrMIne'd froin (C.NMIR,
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Table III. Classical and Quasielastic Light Scattering Data for Copolymers of Acrylamide (AM)
with 2-Acrylamido-2-methylpropanetrimethylammonium Chloride (AMPTAC)

AMPTAC in
Sample Copolymer MA. A,2  D, X I0• di
Number (mol %) (X 10 6- g/mol) (X 104 mL-mol/g2 ) (cm 2/s) (A) DP Y 1Of-

ATAM-9 9.0 1.37 0.90 5.19 1061 1 .(;
ATAM-20 22.0 3.97 1.12 3.45 1503 4,05
ATAM-30 32.3 3.08 1,38 3.51 1770 2.76
ATAM-50 49.0 16.47 2.02 2.96 1723 11.90
ATAM-100 100 1.47 2.12 6.37 916 0.71

'Determined from 23C-NMR.

Effects of quaternizing the ammonium moiety are and polyelectrolytes exhibit reductions in viscosity
manifested in the values of the second virial coef- as a function of increasing temperature. This is due
ficients. Those previously reported for the ADAM to the elimination of rotational hinderences allowing
series' were an order of magnitude (0.32-1.6 X 10 -3 the polymer coils to occupy smaller volumes in so-
mL mol/g 2 ) larger than those for the ATAM series lution. The polymers of the ADAM series display
(0.90-2.12 X 10-` mL mol/g 2 ). Again, this provides viscosity reduction with increasing temperature."
more evidence for increased hydrophobicity or ion Second virial coefficients show however that the
condensation of quaternary AMPTAC monomer. ATAM series are poorly solvated with compact con-

formations over all temperatures studied. Changes
Viscometric Studies in solution temperature may alter polymer confor-

mations but not significantly enough to change so.

The solution behavior of the homopolymer ATAM- lution behavior.
100 was examined in the pH range of 3 to I I in 0. 1 M The ATAM polymers act as cationic polvelectro-
NaCI. No dependence in apparent viscosity was ob- lytes with reduction of intrinsic viscosities with the
served. This is expected since there is no facile addition of electrolytes (Fig. 3). To further dem-
mechanism by which AMPTAC may lose its charge onstrate this behavior, the intrinsic viscosities were
as is the case with the AMPDAC monomer. plotted as a function of the reciprocal square-root

Intrinsic viscosities for the ATAM series poly- of the ionic strength (Fig. 4). Only ATAM-30 ex-
mers are independent of temperature. The polymers hibits the linear dependence which is typical of
were tested in deionized water and in 0.5M NaCI in polyelectrolytes. The curvature of the data indicates
the temperature range of 25 to 60°C. Most polymers an enhanced sensitivity to ionic strength relative to

14 14- 0

ooooo ATAM-9 00000 ATAM-9

-12 o,,oo ATAM-20 12 ca o AIAM-200 &A&&a ATAM-30 ATAM-30
..... ATAM-50 ' ~ 0OOOtAUk- 50 //S"00000 ATAV m,50 000-IA -5

_10- ***ATAM-100 D 10- *0m*A•AM-1O10o

100

CC

0 -r

Conc. No"C (M)

Figure 3. Intrinsic viscosities for the ATAM copolymer Figure 4. Intrinsic viscosities for the ATAMI copolyv-
series as a function of NaC1 concentration determined at, ners plotted as a function of the inverse square root o!
a shear rate of 5.96 s 'at 300 C ionic streng-th.
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other polyelectrolytes. This may be due to the hy- the ammonium moiety once counter ion condensa-
drophobicity of the cationic monomer AMPTAC and Lion has occurred.
the resulting site electrostatic binding of the chloride
counterion (decreased dielectric constant). The authors would like to acknowledge Kent Newman for

the 13C-NMH work, Paul Welch for helping with the vik-
cometric studies, and the l)epartment of Energy. the Office

Turbidimetry of Naval Research, and the Defense Advanced He.-earch

AMPTAC is designed to be a cationic monomer sta- Projects Agency for support of portions of this retiearch.

ble to changes in pH. An added benefit is superior
phase stability. Aqueous solutions of the ATAM co -
polymers remain soluble to 100°C in presence of REFERENCES AND NOTES
3.5% Na 2CO3 . The ADAM copolymers by contrast
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Water-Soluble Copolymers. XLV. Ampholytic Terpolymers
of Acrylamide with Sodium 3-Acrylamido-3-
Methylbutanoate and 2-Acrylamido-2-
Methyipropanetrimethylammonium Chloride

CHARLES L. McCORMICK* and LUIS C. SALAZAR

Department of Polymer Science, University of Southern Mississippi, Hattiesburg, Mississippi 39406-0076

SYNOPSIS

Water-soluble, low charge density polyampholytes have been synthesized by free-radical
terpolyrnerization of acrylamide (AM) with sodium 3 -acrylamide-3-methylbutanoate
(NaAMB) and 2-acrylamido-2-methylpropanetrimethylammonium chloride (AMPTAC).
Terpolymer compositions obtained by '3C-NMR reflect monomer feed concentrations. Mo-
lecular weights and second virial coefficients range from 3.43 to 19.4 X l0'ý g/mrol and fromn
1.63 to 3.61 mL mot/g-2 , respectively, as determined by low-angle laser light scattering.
Ionic associations were explored by investigating the dilute solution proper-ties as a function
of terpolymer concentration, terpolymer charge de~isity, and added electrolytes. Terpolyniener
with 0.5, 2.5, and 5.0 mol % of both of the czrtionic (ANITAC) and ainionic (NaANIBt
monomers were soluble in deionized water, wheia-as those with 10 and 15 mol "' of each
monomer required electrolyte addition. The higher-density terpolymers, undergo a 700OV
increase in intrinsic viscosity upon changing NaCl concentration from 0.05 to I M. Poly-
electrolyte behavior could be induced by decreasing solution pH below the pK, of the
NaAMB mer. Int~ermnolecular ionic associations resulting in gel networks were studied uti -
lizing dynamic mechanical analysis. C 1993 John Wiley & Sons, Inc.

INTRODUCTION polymers made by the copolymerization of N,N-di-
methylaminoethyl methacrylate and methacrylic

Only a limited number of synthetic polyarnpholytes acid.
have been reported in the literature that possess the Polvampholytes with regular structures have also
carboxylate moiety as the anionic group. Early been reported that incorporated the carboxylate
studies incorporated methacrylic acid and various group, but solution properties were rarely men-
ammonium species that provided high charge den- tionedf'5 Zwitterionic polyampholytes, have been
sity polymers that were polyampholytes at their iso- made with the carboxylate as part, of a betaine func-
electric points."i The polymers were polyanions in tionality.' Wielma studied the synthes.is and solu-
alkaline solution and polycations in acid solution. bility of zwitterionic polymers with carboxylate
Nonaka and Egawa4 treated potassium polymeth- moieties.' Varying degrees of ionization were
acrylate with 3-chloro-2-hydroxypropanetrimethyl- achieved for the carboxylate groups by controlling
ammonium chloride to obtain polymers with various the pH-. At high pli values, the polymers behaved
amine/acid ratios. Merle et al.' compared polyam- as polvampholytes, wvhelreas at low pH- values, poly -
pholytes prepared by the hydrolysis or acidolysis of electrIflyte behavior was observed.
pok I(NN-dimrethylaminoet hl,, methacrylate to 1revilously, we report((1 an~ihols '\tic I erlpolmer.s

containing the carboxylat e group as the negat ively

*To whom corrspondlence should he addressed. - hre nitv" Sodkin) :3-aervlamido-3-rineth-
.Iun fA App1ied I 1,iMrn(r Skionr-e. Vi, PS. 11 i 2) ý 93 ylbuitanoate ( NaAMB ) was Jallvinerilzed withi 2-ac-

I, V+1- John W~ik- & YSo-, !n,: ":u7 OfXi- ,eore rylainirlo 2-miet hvldini hv~lanunoiiiijiiniiii hydrochlo-
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ride (AMPDAC) and acrylamide (AM) as a neutral lution under nitrogen at,3j'~C using 0.1 mnot '4t po-
spacer. The superabsorbing terpolymers formed tassium persulfate as the initiiator. The feed ratio of
highly swollen gels even with added electrolytes due AM:NaAMB:AMPTAC was varied from 99.0:0.5:
to strong intermolecular interactions. By contrast, 0.5 to 70 : 15 : 15 mol 0 with the total monomer
structurally homologous terpolymers synthesized concentration held constant at 0.45M. The. s-,nte-
with the sulfonate monomer were soluble in dejon- sis and purification procedures have been reported
ized water and exhibited viscosity increases as elec- previously.'"" Table I lists, reaction parameters for
trolytes were added."' Botn intra- an(i fiLterniOk ..ular tl tcrl'me -f~ ~ AM with NaAMIB and
associations were observed in agreement with other AMPTAC. 1W: Terpolymner: ATABAM 1.)-15,
literature reports on similar structures."4 In this N - H 3401 -3200 cm ' (s);- C, - H 2930 cmn (in);
study, we report electrolyte-soluble ampholytic ter- C =0 1685-1653 cm '(s); N 1 R4 966 cm> C
polymers of acrylamide with the anionic monomer NMR: ATABAM 5-5, AM C 0--, 180.6 ppm;
NaAMB and the cationic monomer AMPTAC. NaAMB C =0, 176.9 ppm; AMPTAC C -- 0. 178.3

ppm; chain CH.. 43.1 ppm; chain CH,,, 36.1 ppm;
gem C14:,, 27.9 ppm.

EXPERIMENTAL

Materials and Monomer Synthesis Terpolymer Characterization
Terpolymer compositions were determined from "C-

Sodium 3-acrylamido-3-methylbutanoate (NaAMB) NMR by integration of the acrylamido carbonyl
monomer was synthesized via a Ritter reaction of peaks."9 'C-NMR spectra were obtained using 10
equimolar amounts of 3,3-dimethylacrylic acid with wt /wt % aqueous (D 2 0) polymer solutions with
acrylonitrile as reported by Hake and Robins" and DSS as (lhe reference. TI'I? spectra were acquired
as, modified by McCormick and Blackmon."6 Syn- using a Perkin-Elmer 1600 Series FTIR sp(ectro-
thesis of 2-acrylamido-2-methylpropanetrimethy- photometer. Molecular weight st~udies w.ereý per-
lammonium chloride (AMPTAC) by a multistep formed on a Chromatix KMX-6 low-arigk. laser
procedure has been previously reported- 12 - Briefly, light -scattering instnrumnent. Refractiveo inde.x Ic
2-acrvlamido-2-methvlpropanedimethylamine was ments were obtained using a Chromat ix NKMX -16
reacted with a 10-fold excess of methyl iodide in laser differential refractometer- A L~angle%-Ford
refluxing diethyl ether, then ion-exchanged to yield Model LF1-64 channel digital correlator was used
AMPTAC. in conjunction with the FKMX-6 to obtain quasi-

elastic light-scattering data. All measurement s were

Synthesis of Terpolymers of NaAMB with conducted at 250 C in I M NaCI.

AMPTAC and AM

Terpolymerm of AMPTAC wi 'th NaAMB and AM Viscosity Measurement
(the ATABAM series) were synthesized by free- A 1 g/dL stock solution of each terpolynitz was
radical polymerization in a 0.5M NaCl aqueous so- made in deioniý,'efl water. Aliquots were taken and

Table I Reaction Parameters for Terpolymerization of AMI with NaAMRi, and AM13TAC

Reaction Terpolvi-er Composition"
Feed Composition (mol %) Time Conversion (rool %)

Sample No. AM : NaAMB: AMPTAC (h) M%) AM: NaAMB : ANIPTAC

ATABAM 0.5-0.5 99.0: 0.0 : 0.5 2.5 20.8 991' 0.,5": 0.,51
ATABAM 2.5-2.5 95.0: 2.5: :2.5 4.0 41.L91 O.
ATABAM 5.0-5.0 90.0 : 5.0 : 5.0 4.0 47., 859.-: 7.9: 62
ATABAM 10-10 80.0 :10.0 :10.0 6.0 22.2i 805: 9.7 . 90.
ATABAM 1.5-i5 70.0: 15.0: :15.0) 4.0 25.6 -4.6 1.5II - : 1,
ATABAM 10j-5 85.0: 10.0 : 5.0 :3.0 20,2 7.5,7 - 3:i: 3.6 ,
ATABAM .5-JO 85.0 : 5.0 :10.0 3.0 11. 85.3.: 4.5 : 10Žý

'Determinecl by"'C -NMR1.
"Thertical.
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diluted with salt solutions to designated ionic Compositional Studics
strength and a polymer concentration of approxi- CopstnsfrheAABM eis . epk
mately 0.3 g/dL. These were further diluted to give Cmxiin o h TIA eiso ejl
polymer solutions with concentrations above and mners. were determined by integration oi`V'Nl
below C* (0.025-0.3 g/dL). After aging for 2-3 acrylainilod)carbonyA peak,, (Table I) - Muc like the,
weeks, the solutions were analyzed with a Cont raves previously' studied ATASAM series,` ol 1h~u-0

the terpolyrners in 0,.5MA N atI led to rancloib nLS-30 rheometer. Triplicate samples were prepared ;ioration of the charged groups such thnit the re-
if each conveiALation to redujLc "'rýn error. ~ cnj ~ ~ ov
Intrinsic viscosities were evaluated using the Hug- prsneoaddelcrleN urg

gins quatin. 20 polymerization shields the charged groups from each

other so that monomer pairing is not favorced. Suich
Dynamic Mechanical Analysis random distribution of ionic mers along the back-

A RhometicsRMS-00 dnamc mehanial bone would be predicted to result In significantly
AsRetometericas RMs-ed dyneamie m'soaehanica different properties when compared to terpolvnierý

ulus) and G" (loss modulus) as a function of fre- wt ag ubr fnihoiggopasca
quency for . g/dL solutions of ATABAM 2.5-2.5 in tions. The terpolymers ATABAM 10-5 and 5-10

varius slt cncetratons.Meauremnts ere were synthesized with charge imibalanceIs in the feed,

obtained using a Couette test geometry with 50% reutn pleeT0t suiobhao.

constant strain at 25 0C.
Light-scattering Studies

RESULTS AND DISCUSSION Low-angle laser light scattering wa'- eiwplh)ed
obt1ain the molecula r w,,eight and second viriai ;

The previously studied ADABAM terpolymer series wceits(, range from n i.4 Tab 11.4 10e moeciluni-

that contained AM, NaAMB, and AMPDAC (Fig- wih, ATABAM from 3.45 and 1TA 9A IW g,;mo repcivh.
1) formed highly swollen gels in aqueous solutions AThe A t 0rol-er - TI3M10_5 5-5 and ATBM 0:5-epetiNth

even in the presence of electrolytes. Strong hydrogen Th bplm rs degrees 10f 0 1.5-ra 1 on and 51
bonding between the carboxylate and the 'tertiary have very sim I aders(i'pln.eiztoad
ammonium hydrochloride groups led to intermolec- therefore can ble used for comparative structuir(.
ular cross-links that persisted even in 1 M NaCL property assessments. Except for ATAI3AM 0_5-O$...
Substitution of the protonated tertiary amine- the Aý2 ,values, range from 1.63 to 2.06 ;, 10" mt.
monomer AMPDAC by a quaternized monomer mol/g2 for the charge-balanced systems. ATABAM

AMPTC alowsformtio of olube apholtic 0.5-0.5 remains well solvated in I Al NaCI as lndi-
A MPTAC allos f r ai n o ol be a p o yi cated by the A2  value of 3.63 m t, m ol/g-ý.

terpolmers.Quasi-elastic light scattering was used to obtain

the diffusion coefficients, (D1),) and hvdrodvnamic
volumes (d,,) shown in Table 11. ATABAMI 10-I11

C H2=CH CH 2=CH CH 2=CH CH 2=CH has, the largest d,, value of 2160 A, reflectinggo
I I solvat ion an ud high miolecular weighi. A TABA NT

I I I .~~5 posses'-es a molecular weight "Ind hdovan
NH, NH NH NH volume approximately equal lo that o( .ATAI3ANI

CH'3-C-CUH 3 CH'3-C -GH 3 0H3-C -0H 3  0.5-0.5, although its second virial coefficient is much
smaller, A similar effect is olb'served for ATABA.MOH2  CH, OH2

II IL 10-5, which has 73% the molecular weight of ATA-
00 ~~ IH--H HN-H BAM 5-10, yet-, due to the presence of three timex.

Na' UH 3 C1_ H cc, as much NaAMI3, has approximately the samneh,

AM NaAMB AMPTAC AMPOAC drodynamic volumie.,

Figure I Structures for the mono-nomrs Aci \tamiile
(AM), Sodium 3 -Acrylamido -3-met hylbuuaa r(uIe icmtcSude
(NaAMB1), 2 -Acrylamido-2-methylp~rop~anctri necth 5v- Effects of Terpolymer Composition
lamnmoniurn Chloride (AIMPTAC), and 2-Aerviamido-
2-methylpropanedlimeth~vlamnionioini Hydroichloride h oplmisAIAANI25 5 55 -lt

1 AM'I)A). 5 15 vx-uhiiut ptliý, MulpbOlVt hl~eaViur ;A-
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Table l Classical and Quasi-elastic Light-Scattering Data for Terpol> mers of AM
with NaAMB with AMPTAC

MW X 10-r A, X 10- D, X 10i
Sample No. dn/dc (g/mol) (ml inol/ge) (crn"/g) tk DP " 10o

ATABAM 0.5-0.5 0.1543 3.43 3.61 4.98 1024 4.8'
ATABAM 2.5-2.5 0.1372 13.9 1.66 3.13 1873 15.0
ATABAM 5-5 0.1386 3.45 1.63 4.76 1003 4.02
ATABAM 10-10 0.1395 10.8 2.06 _-(4 151 1 9! '
ATABAM 15-15 0.1308 12.2 1.75 3.13 1630 11.5
ATABAM 5-10 0.1460 11.2 1.84 3.61 1330 10.8
ATABAM 10-5 0.1399 19.4 1.85 3.89 1440 21.1

for equal (or near equal) concentrations of NaAMB Effects of Added Electrolytes
and AMPTAC. ATABAM 0.5-0.5, 2.5-2.5, and 5-5 Figure 2 displays the intrinsic viscosity of a number
have charge densities low enough to allow solubili- of the terpolymers asia function of NaCI concentra-
zation in the absence of added electrolytes. At on th e us as Huggin of aC ionTentaslightly higher charge densities, however, ATABAM tion obtained using the Huggins equation.20 The data
slightly hind ch-1arge densitibesn h eonwzev water, are indicative of classic "antipolyelectrolyte" be-10-10havior. Increases in solution ionic strength disrupt
The net charge of ATABAM 5-10 and 10-5 poly- intraolIeas ionic associations, hus producing

electrolytes allow solubility in electrolyte-free water. increases in polymer hydrodynaric volume. ATA-

Charge density also controls the type of macro- "as0-1 under aydroyncaein intrinsic

molecular associations present. ATABAM 2.5-2.5 BiscAMi. 10-goingoe 0.0 t inase AtABAM

displays very strong intermolecular associations that
10-10 and 15-15, which have similar molecular"gel" semidilute polymer solutions at low ionic 1eigh atin t h same...............

weigt, atainthe ameintrinsic viscosity in I M!
strengths. The high charge density ampholyte ter- w a tr.

polymers possess both inter- and intramolecular as- Tp tor
socitios uderthe ameconitins.The data parallel the behavior observed for the

previously examined ADASAM low charge density

terpolymers.1 For example, ADASAM 10-10 (76.7
mol % AM, 12.6 mol % NaAMPS, and 10.7 mol %

24- AMPDAC) displayed a 330% increase in intrinsic

ooooo ATABAM 5-5 viscosity from deionized water to I M NaCI. The
cocao ATABAM 10-10 complex solution behavior of the ATASAM ter-"C 20* ATABAM 15-15 polymers was not observed.2 1

_.J

16, Effects of pH

The reduced viscosities for ATABAM 10-10 ob-
"• 12- tained in neutral and acidic pH values are shown in
0
U Figure 3. Above pH 7.5, the polymers behave as

.- ) polyampholytes since all NaAMB units possess a
negative charge. Intramolecular charge-charge in-

0 - o o teractions initially constrict the coils but disappear

4-/ as solvent ionic strength is increased. At pH 3, the
polymers behave as polyelectrolytes. The NaAMB

- 0 units are protonated so that only the cationic charge

O - , , ,," ," of AMPTAC remains. Like tvpicai polyelectrolvtes.
0.0 0.2 0A4 0.6 0.1 .o .2 c f

Salt Conc. (reol/L) the coils expand in the absence of added electrrovte-
but collapse in their presence.

Figure 2 Intrinsic viscosities of ATABAM 5-5, 10-10, It is interesting that the polyelectrolyte form of
and 15-15 plotted as function of NaCl concentration de- ATABAM 10-10 has smaller dimensions in 1AM
termined at 25"(, at a shear rate of 5.96 t, '. NaCI than does the po!vaml)holyte form. This may
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be due to the relative hydrophobicity of the acid 2.5

form of NaAMB. For example, copolymers of
NaAMB with AM precipitate from aqueous solution 2.0

below pH 5." The presence of this relatively hydro-
phobic monomer may constrict the polymer to di- > 1.5
mensions smaller than those of a random coil, thus 0 _ _ __

producing the effect observed in Figure 3. Also, the 61/D 1.0

extent of counterion condensation may differ for the ( 0 /
t%ý_ forms at high NaCt concentratiulon. L 0.5tLL- 0.5

Dynamic Mechanical Analysis j o.0

The intermolecular associations of ATABAM 2.5- -0.5

2.5 are strong enough to produce gels with elastic
properties in solvents of low ionic strengths. The -4 0.6 0.-

storage modulus G' and the loss modulus G" were NoCI Conc. (m ot ,/kL)
examined on a Rheometrics RMS-800 spectrometer
using a couette test configuration. Solutions of Figure 4 Leg frequency at which tan b is u:-ity as a

varying ionic strengths at constant polymer con- function of NaC1 concentration for I g/dL solutions of
centrations (1 g/dL) were analyzed at 50% strain ATABAM 2.5-2.5.

in the frequency range of 0.1-100 rad/s. The fre-
quencies at which G' and G' intersect, i.e., tan b
= G"iG' = 1, are plotted as a function of ionic CONCLUSIONS
•rength in Figure 4. At NaCZ concentrations above
0.05M, the frequency dt which tan 6 is unity becomes
independent of ionic strength. This implies the The ATABAM series of low charge density polyam-
complete disappearance of intermolecular associa- pholytes has been synthesized by free-radical ter-
tions. polymerization of AM with NaAMB and AMPTAC.

Unlike the analogous terpolymers containing the
tertiary amine hydrochloride monomer AMPDAC,
this series dissolves in aqueous solutions provided

40- enough salt is present to disrupt ionic associations.

.. 00000 pH 7.5 The terpolymers have been characterized by "C-
35- *r *t*** pH 3.0 NMR, FTIR, and classical and quasi-elastic low-

angle laser light-scattering techniques. The terpoly-
-a 30- mer compositions reflect the monomer feed concen-

trations. Molecular weights range from 3.43 to 19.4
25. X 10 6 g/mol for the series.

";52 0- o 0 Increases in solution ionic strength disrupt in-020-

tramolecular ionic associations, thus producing in-
.> 1 creases in polymer hydrodynamic volume. ATA-

.0 BAM 10-10 undergoes a 700% increase in intrinsic
D 10- viscosity, going from 0.05 to 1 M NaCL. Intermolec-

ular ionic associations, studied utilizing dynamic
mechanical analysis, were observed to be very sen-
sitive to the presence of added electrolytes.

0.0 0.' 0.4 06 0.8 1.0 1.2

NoCa Coric. (moo/L) (;rai itnde is expressed to Kent Newman forthe W'"'-NMR

work, Paul Welch for helping with the viscometric studies,
Figure 3 Reduced viscosity for ATABAM 10--10 in the and Srikanth Nanguneri for the DMA analysis. Financial
polyampholyte form (pH 7.5) and in the polyelectrolyte support from the Department of Energy., the Office of Na-
form (pH 3.0). Determined with a polymer concentrat ioc val Research, and the l)efense Advanced Research Projects

of 0( 10 g/dL kt 25(C at a shear rate of 5.90 s'' Agency is gratefully acknowledged,
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